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ABSTRACT 
 
 
FABRICATION AND MODIFICATION OF NANOCOMPOSITE MEMBRANES FOR 
ENHANCED WATER PURIFICATION 
 
By JUN YIN 
 
Dr. Baolin Deng, Dissertation Supervisor 
 
 
Developing cost-effective technologies to extend water resources and solve water 
pollution problems is critical to the sustainable development of human society. 
Membrane technology has been given much attention and already been widely used in 
many areas including drinking water treatment, brackish and seawater desalination, and 
wastewater treatment and reuse due to its simple operation, no involvement of phase 
change or chemical additives, and modular design for easy scale up. However, as the 
main type of membrane, polymeric membranes still have some challenges that need to be 
overcome, which include the trade-off between permeability and selectivity and fouling 
issues.  
In this work, novel nanocomposite membranes with enhanced separation 
performance were developed for water and wastewater treatment. First, both flat-sheet 
and hollow fiber membrane fabrication systems were set up to provide capabilities for 
nanocomposite membrane preparation. Then, to improve membrane performance, 
nanomaterials with different components (inorganic or organic), structures (porous or 
nonporous), and functionalities (inert, antimicrobial activity, or photocatalytic activity) 
xvii 
 
were incorporated into polymeric membranes through phase inversion or interfacial 
polymerization process based on proposed applications. Novel nanomaterials, 
mesoporous silica, carbon nanotubes or graphene oxide, were applied to study their 
effects on membrane structure and other physicochemical properties. A biocidal 
nanomaterial, AgNPs, was used to improve membrane’s anti-biofouling capability. 
Finally, a photocatalytic nanomaterial, nitrogen doped TiO2 (N-TiO2) with good visible 
light activity, was applied to improve the membrane antifouling properties. 
The results showed that hydrophilic nanofillers could improve membrane surface 
hydrophilicity, leading to a membrane with enhanced water permeability and antifouling 
properties. Meanwhile, nanofillers containing internal pore structure could further 
improve water permeability by providing additional flow paths for facile water transport.  
To control membrane biofouling, silver nanoparticles (AgNPs) were chemically 
attached onto the thin-film composite (TFC) membrane surfaces with cysteamine as a 
bridging agent. The modified membranes showed good stability for the immobilized 
AgNPs and excellent antibacterial properties, while maintained a good water flux and salt 
rejection.  
Poly(vinylene fluoride) (PVDF)/N-TiO2 nanocomposite hollow fiber membranes 
(HFMs) possessing visible light activity were first developed, which demonstrated an 
improved water permeability and superior antifouling properties due to the 
photodegradation of foulants and photoinduced hydrophilicity enhancement. 
Based on these results, it was concluded that nanocomposite membranes were 
promising to mitigate or even overcome the intrinsic challenges of current polymeric 
xviii 
 
membranes on the market. The incorporation of nanomaterials with conventional 
membrane polymers could not only tune structure and physicochemical properties (e.g. 
hydrophilicity, porosity, charge density, thermal, and mechanical stability) of 
membranes, but also introduce unique functionalities (e.g. antibacterial property and 
photocatalytic capability) into the membranes. Overall, nanocomposite provides 
polymeric membrane design a new dimension, which could lead to the next generation of 
high performance membranes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
 
1 
 
Introduction 
Water is foundation of life. However, due to the rapid growth of world population, 
abuse of water resources, and water pollution, water shortage problem becomes more and 
more serious. Worldwide, around 780 million people still lack access to improved 
drinking water sources (WHO, 2012). Hence, cost-effective technologies must be 
developed to extend water resources and solve water pollution problems. Membrane 
technology is one of the most promising technologies that may provide a solution to 
challenging water problem. It has already been widely used in many areas including 
drinking water treatment, brackish and seawater desalination, and wastewater treatment 
and reuse, largely because it is simple in concept and operation, does not involve phase 
changes or chemical additives, can be made modular for easy scaleup. 
Membrane, as the key part of membrane separation technology, can be defined as a 
thin and selective barrier which enables the transport or the retention of compounds 
between two media [1]. Membrane can be prepared by inorganic materials (such as 
ceramics) or organic materials (such as polymers). Inorganic materials including 
ceramics and metallics usually have better chemical/solvent resistance and could tolerate 
a wide range of temperature, pH, and pressure. However, they are also restricted by 
several disadvantages such as limited pore size availability and high operating and capital 
costs. Accordingly, current research on membranes mainly focuses on polymeric 
membranes due to the better control of pore forming mechanism, higher flexibility, 
smaller footprints required for installation, and lower costs compared to inorganic 
membranes [2].  
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Various polymer materials have been used to prepare polymeric membranes, such as 
cellulose acetate (CA), polysulfone (PSU), polyethylene (PE), polypropylene (PP), 
poly(vinylidene fluoride) (PVDF), polyethersulfone (PES), polycarbonates (PC) and 
polyacrylonitrile (PAN). Among them, PSU, PVDF and PES are the most commonly 
used materials because of their relatively low cost, decent thermal and chemical 
stabilities [3, 4].  
Based on filtration class (separation capability), membrane can be classified as 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), and 
forward osmosis (FO) membrane. Their basic properties are summarized in Table 1.  
Table 1. Membrane types based on filtration class* 
Membrane type based 
on filtration class 
Typical pore size Typical targets removed 
Typical operating 
pressure 
MF 0.1-10 μm 
Suspended solids, bacteria, 
protozoa 
0.1-2 bar 
UF 
3-100 nm 
(1-100 kDa) 
Colloidal or molecular particles, 
proteins, most bacteria, partially 
viruses 
1-5 bar (cross-flow) 
0.2-0.3 bar (dead-end 
and submerged) 
NF 
1-3 nm 
(250-400 Da) 
Viruses, natural organic matter 
(NOM), divalent or multivalent 
ions 
5 – 20 bar 
RO < 125 Da 
Almost all impurities, including 
monovalent ions 
10 – 100 bar 
FO < 125 Da 
Almost all impurities, including 
monovalent ions 
Osmotic pressure 
* Modified from Membrane technologies for water applications, European Commission, 7th Framework 
programme, 2010 applications 
Generally, the smaller the pore size, the smaller targets that can pass through the 
membrane. As the pores getting smaller, higher operating pressure is required, leading to 
a more energy-intensive filtration system. 
Though polymeric membranes have unique properties which make them better 
materials for many applications, they also have met some challenges which need to be 
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overcome. The first is the trade-off relationship between permeability and selectivity 
(also called Robeson upper boundary) [5], which was first realized in gas separation 
membranes. Similarly in water treatment area, membranes with higher water permeability 
usually possess relatively lower solute rejection. It is the intrinsic property of polymer 
materials, so it seems not possible to solve the problem just based on the development of 
polymer material. The second challenge is membrane fouling, which is the accumulation 
of retained substances (such as colloidal and suspended particles, organic matter, 
inorganic matter, and biological foulants) on the membrane surface and/or within the 
membrane pores leading to the deterioration of membrane performance. Membrane 
fouling causes a number of problems including the increase in the operational pressure 
and the decline in the permeate quantity and quality of the membrane systems. The low 
mechanical strength of polymer materials is also a challenge, especially for a membrane 
which has a very thin structure. This is particularly critical to pressure driven filtration 
process, where a high transmembrane pressure (TMP) may be applied. 
Nanocomposite (combine polymeric materials with nanomaterials) was first 
developed to improve the mechanical properties of polymeric materials. In membrane 
separation area, this concept was originally used and proved to be an efficient method to 
overcome the Robeson upper boundary in the field of gas separations [5, 6].  
Recently, nanocomposite membrane has drawn a lot of attention and has been 
carried out for water treatment. Based on existing results (which will be illustrated in 
Chapter one), it seems to be a promising solution to above challenges of polymeric 
membranes. The incorporation of nanomaterials with conventional membrane polymers 
could not only tune structure and physicochemical properties (e.g. hydrophilicity, 
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porosity, charge density, thermal, and mechanical stability) of membranes, but also 
introduce unique functionalities (e.g. antibacterial property and photocatalytic capability) 
into the membranes. 
Research Objective 
The research objective of this study is to design suitable nanocomposite membranes 
with enhanced separation properties for water and wastewater treatment. It is expected 
that using the advanced high performance nanocomposite membranes will result in lower 
energy consumption in the membrane filtration systems. Since the membrane systems for 
water treatment are almost competitive of conventional water treatment process currently, 
the enhanced performance of nanocomposite membrane could be the tipping point that 
propels the membrane systems to much wider applications for water treatment, 
desalination, and wastewater reclamation.  
Research Tasks 
Task One: Set up membrane fabrication systems to prepare both flat-sheet and hollow 
fiber membranes.  
With the capability of fabricating polymeric membranes, much more parameters 
(such as polymer types and concentration, solvent types, additive types and 
concentration, temperature) could be tuned to optimize the membrane structure and 
properties. These systems could be used to develop nanocomposite membranes through 
various fabrication methods such as phase inversion and interfacial polymerization. 
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Task Two: Incorporate novel nanomaterials with unique structures or properties into 
polymeric membrane to improve membrane performance in terms of permeability, 
selectivity, and fouling resistance. 
Nanomaterials with different components (inorganic or organic), structures (porous 
or nonporous), functionalities (inert, antimicrobial activity, or photocatalytic activity) 
were incorporated into polymeric membranes based on the proposed applications to 
improve membrane performance. Inert nanomaterials were applied to study their effects 
on membrane structure and physicochemical properties. Biocidal nanomaterials were 
used to improve the membrane anti-biofouling properties. Photocatalytic nanomaterials 
were applied to improve the membrane antifouling properties. 
Task Three: Explore the specific role of nanomaterials’ internal pore structure in the 
nanocomposite membrane filtration process. 
Silica NPs are chemically inert, thermally stable, inexpensive and easy to tune 
particle size and internal structure. In this study, tests were conducted using silica NPs 
with comparable chemical properties but with or without internal pores. By comparing 
the performance of nanocomposite membranes containing silica NPs with different 
internal structures, we evaluated the contribution of the internal pores to the water 
permeability and salt rejection. This fundamental understanding will help screen and 
develop new advanced thin-film nanocomposite membranes in general. In addition, 
fabrication parameters were fine-tuned to develop a high performance thin-film 
nanocomposite membrane.   
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CHAPTER ONE 
Literature review: Polymer-matrix nanocomposite membranes for 
water treatment 
 
Polymer-matrix nanocomposite membranes are advanced membranes with 
nanomaterials dispersed in their polymer matrices. They could be used for gas-gas, 
liquid-liquid, and liquid-solid separations. The concept of making nanocomposite 
membranes was originally developed to overcome the Robeson upper boundary in the 
field of gas separation in 1990s [1, 2], where highly selective zeolites were incorporated 
into polymers to improve both permeability and selectivity [3, 4]. Besides gas separation 
[5-7], many other applications have been examined by using nanocomposite membranes, 
such as direct methanol fuel cells [8, 9], proton exchange membrane fuel cells (PEMFCs) 
[10], sensor applications [11, 12], lithium cell battery [13, 14], pervaporation (PV) [15-
17], organic solvent nanofiltration (OSN) [18, 19], and water treatment. Due to its 
promise of overcoming the trade-off relationship between permeability and selectivity as 
well as mitigating membrane fouling problem during water treatment applications, it has 
gained increasing attention and is considered as the cutting edge of creating the next 
generation of high performance membranes. 
The aim of this review is to summarize the recent scientific and technological 
advances in the development of nanocomposite membranes for water treatment. 
Challenges and future research directions will also be presented. Readers interested in gas 
separation should refer to two excellent reviews recently published on nanocomposite gas 
separation membranes [2, 5].  
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According to membrane structure and location of nanomaterials, nanocomposite 
membranes can be classified into four categories: (1) conventional nanocomposite; (2) 
thin-film nanocomposite (TFN); (3) thin-film composite (TFC) with nanocomposite 
substrate; and (4) surface located nanocomposite. The typical structures of these 
membranes are illustrated in Fig. 1.1. It is worth noting that the red spheres used in the 
figure not only stand for nanoparticles (NPs), but also could represent nanotubes, 
nanofibers or nanosheets. The publication numbers related to each type of the 
nanocompoite membranes for water treatment are also presented in Fig. 1.1, where the 
data are obtained based on searching and screening using the key words “nanocomposite 
and membrane” or “mixed matrix and membrane” in the database, Scopus. 
 
Fig. 1.1 Typical types of nanocomposite membranes and corresponding publication numbers 
related to water treatment applications. 
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1.1 Conventional Nanocomposite 
In the conventional nanocomposite membranes, nanofillers fall into one of the four 
categories: 1) inorganic material; 2) organic material; 3) biomaterial, and 4) hybrid 
material with two or more material types. Fabrication of nanocomposite membranes is 
mostly based on phase inversion (PI) method in which nanofillers are dispersed in 
polymer solution prior to the PI process, and can be prepared in either flat sheet or hollow 
fiber configurations (Fig. 1.2).  
 
Fig. 1.2 Fabrication of conventional nanocomposite membranes through PI process and the main 
effects of nanofillers on final products 
Representative publications on the development and use of nanocomposite 
membranes in each category are summarized in Table 1.1, along with filler and polymer 
types, fabrication methods, and main advantages of filler materials. These reported 
studies have demonstrated that the incorporation of nanomaterials into polymers could 
not only tune structure and physicochemical properties (hydrophilicity, porosity, charge 
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density, chemical, thermal and mechanical stability) of membranes, but can also 
introduce unique functionalities such as antibacterial and photocatalytic characteristics 
into the membranes. The effects of nanofiller on performance of nanocomposite 
membrane are summarized as follows. 
.  
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Table 1.1 Summary of conventional nanocomposite membranes 
Filler Polymer Fabrication Method Main Advantages of filler Reference 
Inorganic 
material 
Metal Oxide 
TiO2 
PAI; PVDF; PSU; PAN; PPESK; PVB; 
PES; CA; PVDF/SPES; PU 
Blending + PI Hydrophilicity [20-52] 
TiO2 with photoreaction PES; PVDF Blending + PI Hydrophilicity; Photocatalytic functionality [32, 53-55] 
SiO2 PES; PSU; Nafion PI; Casting and drying Hydrophilicity [56-64] 
Al2O3 PVDF; PES Blending + PI Hydrophilicity [22, 65-68] 
Fe3O4 PVA; PES; PVC Blending + PI Magnetic property; Core for shell coating; Hydrophilicity [69-73] 
ZrO2 PES Blending + PI Hydrophilicity [22, 68] 
Hydrous MnO2 PES Blending + PI Heavy metal adsorption; Hydrophilicity [74, 75] 
ZnO PSU Blending + PI Hydrophilicity [76] 
Metal 
Ag 
CA; PI; PSU; PES; PVDF; PAN; PLA; 
PU 
Blending + PI; Electrospinning Antimicrobial functionality [57, 77-90] 
Cu PSU; PLA; PES Blending + PI; Electrospinning Antimicrobial functionality [57, 82, 86, 91] 
Se PES Blending + PI Antimicrobial functionality [91] 
Zeolite PU; Ultem; PAN; PVDF; PSU 
Solvent evaporation; Blending 
+ PI 
Molecular sieving; Hydrophilicity; Cross-link property  [57, 81, 92-96] 
Clay PSU; Nylon 6; PES; PVDF Blending + PI Mechanical property; Hydrophilicity [97-105] 
Boehmite; Acrylate-alumoxane PES Blending + PI Hydrophilicity; Provide polymerization initiation sites [106, 107]  
CNTs 
PVDF; BPPO; PEI; PA; PVA; PES; 
PAN 
Blending + PI; Cross-linking 
Electrical conductivity; Potential water channel; 
Mechanical property; Hydrophilicity after modification 
[46, 108-124] 
GO PSU; PES Blending + PI Hydrophilicity; Negative charge; High surface area support [64, 125-128] 
C60 PSU; Poly(phenylene isophtalamide) Blending + PI Model hydrophobic filler; Interlocking property [129, 130] 
Organic 
material 
Cyclodextrin PSU Blending + PI Special molecule with an inner cavity of several Å [131-134] 
PANI PSU; PAN-co-PMA; PES Blending/In site blending + PI Hydrophilicity [135-140] 
Polypyrrole PSU Blending + PI Hydrophilicity [141] 
Chitosan beads Ethylene vinyl alcohol (EVAL) Blending + PI Adsorption of Cu2+ [142] 
Polyhedral oligomeric silsesquioxane  CA Blending + PI Special structure; Anti-compaction [143] 
Semi-interpenetrating network polymeric 
NPs 
PES Spin coating + PI Hydrophilicity; Suppress  the protein adsorption [144] 
Biomaterial 
Aquaporin PMOXAm-PDMSn-PMOXAm (ABA) Film rehydration method Water-channel membrane proteins [145] 
Lignin Cellulose triacetate 
Vapor-induced phase 
separation 
Reinforcement effect [146] 
Hybrid 
material 
TiO2/MWNTs; Au/xGnPs; Fe/Mn; 
SiO2/GO 
PES; PSU Blending + PI Synergistic effect [46, 64, 127, 147] 
PI: Phase inversion 
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1.1.1 Effects on membrane structure and physicochemical properties 
As the barrier of the separation process, a functional membrane should have the 
right structure (e.g. pore size and porosity) and physicochemical properties (e.g. surface 
hydrophilicity and roughness, chemical, thermal and mechanical stability) suitable for the 
proposed applications. Generally, surface pore size and membrane porosity will 
determine the permeability and rejection, especially those for MF and UF applications. 
Surface hydrophilicity and roughness largely control the membrane fouling 
characteristics, while chemical, thermal and mechanical stability determine the 
membrane durability under various environments. 
Incorporation of various nanoflllers into polymer matrices is known to affect 
membrane structure and properties. Most studies found the membrane surface 
hydrophilicity is enhanced by incorporating hydrophilic nanomaterials that are partially 
exposed to the surface. For example, when preparing polyaniline (PANI)/PSU 
nanocomposite membranes, Fan et al. [135] found the hydrophilic PANI nanofibers 
migrated from polymer matrix to the surface during the membrane formation, leading to 
the formation of membranes with higher hydrophilicity, porosity and pore connectivity. 
Similarly, Zhao et al. [137] found hydrophilic PANI nanofibers would migrate toward 
water bath or the polymer-poor phase of the casting film during the PI process to reduce 
interfacial energy. The existence of PANI nanofibers near the membrane surface will 
improve membrane hydrophilicity. When preparing hyperbranched poly(amine-ester) 
functionalized MWNTs (MWNTHPAE)/PVDF nanocomposite membranes, Zhao et al. 
[115] observed a significantly improved surface hydrophilicity, which could be attributed 
to the increased surface coverage of hydrophilic -OH groups from the nanofillers. In 
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general, increasing the surface hydrophilicity of a membrane decreases membrane 
fouling because the hydrogen bonding formation between the surface hydrophilic groups 
and water molecules creates a water layer on membrane surface that could prevent 
foulant adsorption [115]. This applies for inorganic fillers as well, for example, when 
hydrophilic metal-oxide NPs were embedded into polymer matrix, the membrane fouling 
resistance was enhanced [22].  
Incorporation of nanomaterials can also change the porosity and pore size of 
membranes, and subsequently, change their water permeability and solute rejection. Yu et 
al. [30] found that for the TiO2/PVDF hollow fiber membranes (HFMs), the surface pore 
size increased with increasing TiO2 concentration initially, but decreased with further 
increase in TiO2 loading. This is similar to what we have observed on the impact of 
oxidized MWNTs on the membrane structure [120], where the incorporation of the 
oxidized MWNTs into polysulfone (PSU) polymer matrix led to an increase in the 
surface pore size initially, but then a decrease, with increasing the MWNTs 
concentration. This trend was consistent with the water flux results that showed a convex 
profile with increasing nanofiller concentration. Generally, the addition of hydrophilic 
substance in the dope solution leads to an accelerated solvent and non-solvent exchange 
(caused by thermodynamic immiscibility) and thus encourages formation of a more 
porous structure [148]. With a further increase in the filler loading, however, the viscosity 
of the dope solution would increase, leading to a diffusion delay. Under this delayed 
demixing condition, the top layer will be dense and thick with low porosity and low 
degree of pore interconnectivity due to the high concentration of the polymer solution at 
the onset of demixing [149]. 
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In another study, Mansourpanah et al. [112] introduced polycaprolactone (PCL) 
modified MWNTs into PES matrix and studied its effects on membrane morphology and 
performance. With an increasing filler concentration, the skin layer thickness decreased 
and sub-layer structure changed to finger-like macrovoids, leading to a higher porosity 
and enhanced permeability.  
Membrane surface charge density could also be affected by the incorporation of 
nanofillers due to their surface functional groups. To illustrate, Zhao et al. [126] 
incorporated isocyanate-treated GO (iGO) into the PSU ultrafiltration membrane, 
creating a nanocomposite membrane with an enhanced hydrophilicity and fouling 
resistance. In addition to the contribution of the hydrophilic surface that prevents protein 
adsorption and membrane fouling, the negative surface charge induced by the nanofillers 
has also led to a situation that foulants with a negative charge would be repelled [150]. 
Membranes need to be robust or mechanically strong for many applications. After 
evaluating the strengths of nanocomposite membranes containing various nanofillers (Ag, 
Cu, silica, and zeolite), Hoek et al. [57] found most of these membranes showed 
enhanced mechanical stabilities since there were good compatibility between fillers and 
polymer and favorable changes in the membrane structure such as substitution of finger-
like structure by sponge-like macrovoids. Liao et al. [81] also found zeolite/PVDF 
nanocomposite membranes possessed enhanced mechanical stability in terms of tensile 
strength and break elongation. And they attributed this phenomenon to the good 
interaction between zeolite and PVDF matrix, where zeolite NPs could act as a 
crosslinking agent for the polymeric chains and increase membrane rigidity. The cross-
linking phenomenon was first emphasized by Ciobanu et al. [92], and could be attributed 
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to the hydrogen bonds between polymer chains and hydroxyl groups T-OH (T=Si, Al, P) 
on zeolite surface. As a common reinforce material for polymeric nanocomposites, clay 
minerals (modified or not) have been used to improve mechanical and thermal properties 
of nanocomposite membranes [97, 98].  
One-dimensional nanomaterials such as PANI nanofiber and MWNTs showed 
positive effects on the mechanical strength of nanocomposite membranes. For example, 
PANI/PSU membrane had higher breaking strength than the PSU membrane [137, 138]. 
MWNTs/PA membrane showed enhanced mechanical properties in terms of Young’s 
modulus, toughness, and tensile strength [111].  By loading 2 wt% MWNTs, the tensile 
strength of MWNTs/PAN membranes was increased over 97% due to the combined 
effects of sufficient bonding (CH-π interactions) between nanotubes and the matrix and 
the decreased membrane porosity [114]. 
       The changes of membrane structure and property due to the presence of 
nanomaterials rely on the good dispersion of nanomaterials in casting solution and hence 
polymer matrix. Many effects were devoted to improve the dispersion of nanofillers 
either through modifying nanomaterial surface or applying surfactant, especially for those 
materials that are inherent hydrophobic such as carbon nanotubes (CNTs). A common 
strategy to improve the dispersion of CNTs is through oxidation to generate hydroxyl and 
carboxyl functional groups on their surface with acid treatment [120]. Other strategies 
include surface grafting as in the preparation of hyperbranched poly(amine-ester) HPAE-
MWNTs [115] or PAA-MWNTs [117] and use of surfactants [110]. 
 
 
   Chapter One 
16 
 
1.1.2 New functionalities introduced by nanomaterials 
Functional membranes are those not only capable of filtering solute and particles 
from water, but also adsorbing, degrading, and/or deactivating them. Functional 
membranes are normally designed and optimized with specific applications in mind.    
1.1.2.1 Adsorption 
It is common to incorporate NPs inside the polymer matrix to make functional 
membranes with specific capability to adsorb heavy metals from water. For example, 
Daraei and et al. [70] incorporated PANI/Fe3O4 NPs inside PES matrix through PI 
method to remove Cu (II) from aqueous solution. The efficient dispersion of NPs was 
observed at relatively low loading (0.1%), providing more accessible active sites for 
sorption of copper ions. Regeneration of this membrane by EDTA is possible for reuse. 
In another study, Tetala and Stamatialis [142] developed a copper removal membrane by 
incorporating chitosan beads (20-40 μm) inside ethylene vinyl alcohol (EVAL) matrix. 
While the particle size is significantly larger than the nanoscale, almost the same strategy 
was used for the membrane fabrication, resulting in a membrane with fast adsorption 
kinetics and high adsorption capacity (225.7 mg/g) of Cu2+ ions.  
In a similar way, hydrous manganese dioxide (HMO) [74] and Fe3O4 NPs (60 nm) 
[71] were embedded into the PES and PVC matrices, respectively, to remove lead from 
aqueous solution. In another study [147], Fe-Mn binary oxide (FMBO) was used to 
prepare PES nanocomposite membrane for As (III) removal.  
These studies all confirmed the possibility of preparing nanocomposite membranes 
containing certain adsorbents for adsorptive removal of contaminants from water. 
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However, the relatively short contact time (high water permeability) and limited 
adsorption capacity may hinder their practical applications. 
1.1.2.2 Photocatalysis 
TiO2 has been widely used for water splitting, water treatment, air purification and 
self-cleaning of surfaces because of its unique photocatalytic properties (such as 
photodegradation and photoinduced superhydrophilicity), stability, commercial 
availability, and ease of preparation [151, 152]. In the nanocomposite membrane research 
area, TiO2 has also been incorporated into various membrane matrices to provide 
membrane with photocatalytic activities.  
Rahimpour et al. [53] studied the effects of UV irradiation on the performance of 
TiO2/PES nanocomposite membranes, and found UV-irradiated TiO2/PES membranes 
had higher flux and enhanced fouling resistance when compared to corresponding 
nanocomposites. They attributed this enhancement to the photocatalysis and 
superhydrophilicity of TiO2 under the UV irradiation. Similarly, after applying TiO2 into 
PVDF membrane matrix and providing UV irradiation, Damodar et al. [54] obtained a 
superior membrane with enhanced permeability and fouling resistance, as well as high 
antibacterial capability. In another study, UV-cleaning process was carried out by Ngang 
et al. [55] on their TiO2/PVDF nanocomposite membranes, allowing the recovery of 
water flux after filtration process. 
1.1.2.3 Antimicrobial activity 
Membrane biofouling due to the microbial growth and biofilm formation is one of 
the most challenging issues in membrane separation for water and wastewater treatment 
[153]. It decreases membrane permeability, reduces permeate quality, and increases 
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energy costs of the separation process. Developing antimicrobial membranes will likely 
increase membrane efficiency and application duration significantly. In addition, use of 
antimicrobial membrane helps to provide pathogen-free clean water. 
Silver (Ag) is the most widely explored antimicrobial agent in nanocomposite 
membrane due to its excellent biocidal properties and successful applications in many 
areas such as antimicrobial plastics, coatings, and wound and burn dressing [154]. For 
example, Chou et al. [77] introduced AgNPs into cellulose acetate matrix for anti-
bacterial applications. Zodrow et al. [79] impregnated AgNPs into polysulfone (PSU) 
matrix to improve biofouling resistance and virus removal. Zhang et al. [87] incorporated 
biogenic AgNPs into PES membrane and evaluated its anti-biofouling capability in a 
MBR system. 
Many methods were developed to improve the dispersion and stability of AgNPs 
inside polymer matrix. For example, polyvinylpyrrolidone (PVP) or 2,4,6-triamino 
pyrimidine (TAP) [80, 83] was used as dispersant or compatibilizer in polymer casting 
solution to facilitate the dispersion of AgNPs so to improve antibacterial properties. In 
another study [85], pretreatment of AgNPs with amphiphilic polymer was carried out to 
improve the dispersion and compatibility of AgNPs with polymer matrix. 
One challenge with the AgNPs inside the bulk matrices is its weak resistance to 
washing, as the AgNPs can be released either as NPs or in the dissolved form of Ag+ 
ions, so the antimicrobial ability of membranes would disappear with time. Accordingly, 
many efforts have been devoted to developing durable antimicrobial membranes by 
immobilizing AgNPs into the membrane's dense barrier layer (e.g., thin-film layer of 
TFC membrane, refer to Section 1.2.3) or graft them onto membrane surface through 
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stronger bonding (e.g., electrostatic attraction or chemical bonding, refer to Section 1.4). 
Other nanomaterials such as copper [82, 86, 91] and selenium [91] have also be explored 
for their potential applications to make antimicrobial membranes.  
1.1.2.4 Platform sites for polymerization initiation 
Nanomaterials with specific functional groups could be incorporated into membrane 
matrix to provide polymerization initiation sites for further surface modification. For 
instance, Daraei et al. [107] prepared PES nanocomposite membranes containing 
acrylate-alumoxane nanofillers and then grafted PAA on its surface to further improve 
dye removal rate and fouling resistance. Results showed that PAA grafting rate was 
improved due to the presence of carbon-carbon reactive double bonds on membrane 
surface as an active site for PAA chain growth. 
1.1.3 Multiple effects introduced by hybrid materials 
The effects of embedding TiO2 coated MWNTs into the PES matrix on membrane 
morphology, properties and anti-biofouling were studied by Vatanpour et al. [46]. The 
resulting membrane showed enhanced hydrophilicity and pure water flux. During whey 
solution filtration, membrane exhibited improved fouling resistance, which could be 
attributed to the lower surface roughness and synergistic photocatalytic activity. The 
existence of carbon nanotubes was believed to reduce the electron/hole recombination 
and improve the photon efficiency. Crock et al. [127] designed a multifunctional 
membrane by incorporating AuNPs/exfoliated graphite nano-platelets into PSU 
membrane (Fig. 1.3). Their membranes showed enhanced compaction resistance and 
permeability as well as superior catalytic property on the reduction of 4-nitrophenol to 4-
aminophenol by NaBH4, where AuNPs served as the catalyst. Furthermore, the structure 
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and catalytic activity of such membranes could be controlled separately by changing the 
relative contents of corresponding components in the nanofiller hierarchy. 
 
           
Fig. 1.3 Conceptual illustration of hierarchical nanofillers as building blocks for multifunctional 
nanocomposite membranes. Adapted with permission from [127]. 
In another study [64], nanocomposite membranes containing SiO2/GO hybrid 
material were found to exhibit much better permeability, protein rejection, and fouling 
resistance than the SiO2/PSU and GO/PSU membranes. The synergistic effect of 
SiO2/GO could be attributed to its high hydrophilicity as well as special sandwiched 
structure that facilitated its dispersion in the PSU matrix. 
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1.2 Thin-film Nanocomposite (TFN) 
Thin film composite (TFC) membrane consists of an ultra-thin barrier layer 
(commonly made of polyamide (PA)) atop a more porous supporting layer. It has been 
the major type of RO/NF membrane since being first developed by Cadotte in the 1970s 
[155], and widely used to desalinate seawater/brackish water or remove heavy metals, 
hardness, organic micropollutants such as pesticides, disinfection by-products (DBPs), 
endocrine disrupting compounds (EDCs), and pharmaceutically active compounds. 
Recently, the development of forward osmosis (FO)/ pressure-retarded osmosis (PRO) 
processes has further stimulated the development of TFC membrane, as there is a 
potential for further energy saving or even energy generation during the 
seawater/brackish water desalination. 
Many efforts have been devoted to improve water flux, solute rejection and 
antifouling properties of TFC membranes in the past 30 years. One focus is to select or 
modify the supporting layer so the adhesion between the barrier layer and the supporting 
layer could be enhanced; the other is to optimize the barrier layer by varying the 
interfacial polymerization (IP) conditions, changing monomers, applying physical 
coating, or by chemical modification. 
With the advent of nanocomposite, a new concept has been proposed based on 
dispersing nanomaterials into the ultra-thin barrier to improve membrane performance for 
water filtration [156]. By now, nanomaterials used in the past for conventional 
nanocomposite membrane preparation have also been explored to fabricate TFN 
membranes, including zeolites, CNTs, silica, Ag, TiO2. Common fabrication process is 
through the in-situ IP process between aqueous m-phenylenediamine (MPD) and 
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trimesoyl chloride (TMC) organic solution as presented in Fig. 1.4. The nanofillers can 
be dispersed either in aqueous or in organic phase. 
 
 
Fig. 1.4 Fabrication of TFN membranes through IP process 
Table 1.2 lists, in a chronological order, the TFN membrane-related research 
publications. In the following sections, the effects of nanofillers on TFN membrane 
performance, such as trade-off relationship between permeability and selectivity, 
antifouling property, antimicrobial activity, chlorine resistance, and thermal stability are 
summarized. 
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Table 1.2 Summary of thin-film nanocomposite membranes 
TFN 
Particle Size 
Loading wt% (Best 
performance) 
Fabrication 
Method 
Application Performance 
Published 
year and 
reference Filler Polymer 
Oxidized MWNTs 
Pebax 1074 or 
PVA 
OD = 20-40 nm  
L = 5-15 μm 
0-20% of polymer (10% of 
PVA) 
Coating + 
Solvent 
evaporation 
Water/oil 
emulsion 
separation 
Under 100 psi, optimal water flux is 330 L/m2h, organic solute 
rejection is 99.8%; Fouling resistance ↑ 
2005 [157] 
Zeolite (NaA) PA 50-150 nm 
0.004-0.4% (w/v) in organic 
phase 
IP RO 
Surface hydrophilicity ↑; Pw ↑; Salt rejection no change 
New concept: TFN 
2007 [156] 
Ag NPs PA 50-100 nm 
10% of polymer in organic 
phase 
IP NF 
Water flux and salt rejection no change 
Good antibiofouling property 
2007 [158] 
TiO2 (P25) PA 30 nm 
1.0-9.0% (5.0%) 
Organic phase 
IP NF 
Under 87 psi, optimal water flux is 9.1 L/m2h, MgSO4 rejection 
(95%, 2000 mg/L) 
2008 [159] 
Silica 
(LUDOX® HS-40) 
PA ~ 13.2 nm 5-28% of PA IP 
Dioxane solution 
filtration 
Pw ↑; Solute rejection ↓ 2008 [160] 
Zeolite (NaA and AgA) PA 50-250 nm 0.4% (w/v) in organic phase IP RO 
Pw ↑; Salt rejection no change; AgA-TFN membranes exhibited 
more hydrophilic and smooth surfaces. 
2009 [161] 
Zeolite  PA 
97, 212, and 286 
nm 
0.2% (w/v) in organic phase IP RO 
Smaller NPs produced higher permeability enhancements, but 
larger NPs produced more surface properties change 
2009 [162] 
Silica PA 3 and 16 nm 
0-0.4% (3nm) and 0-0.5% 
(16nm) in aqueous phase 
IP RO 
Pw ↑; NaCl rejection ↗↘ 
Thermal stability ↑  
2009 [163] 
Oxidized MWNTs 
or 
Cellulose Nanofibers 
PVA 
OD = 8-15 nm  
L = 10-50 μm 
OD = ~ 5 nm  
L < 10 μm 
10% of PVA 
 
0.25% and 1.25% of PVA 
Coating + Cross-
linking 
UF of oil/water 
emulsion 
Pw ↑; Solute rejection slightly decreased 
Suggested the presence of directional water channels through 
the interface between filler and PVA matrix 
2010 [164] 
Carboxylic MWNTs Polyester 
OD < 8 nm  
L = 10-30 μm 
0.05% (w/v) in aqueous phase 
Modified IP 
O/A/O 
NF 
Pw ↑; Na2SO4 rejection ↑ 
Immerse support layer into organic phase before conventional 
IP process improved TFN performance 
2010 [165] 
MWNTs PA 
OD = 9-12 nm  
L = 10-15 μm 
0.1, 0.5, 1, 5% (w/v) in aqueous 
phase 
IP RO 
Surfactant (Triton X-100) was used to facilitate the dispersion 
of MWNTs; Chlorine resistance ↑ 
2010 [166] 
Zeolite  
(LTA) 
PA ~ 250 nm 0.2% in organic phase IP Seawater RO 
Under 800 psi, optimal permeate flux is around 42 L/m2h, NaCl 
rejection (99.4%, 32000 mg/L) 
Defects and molecular-sieving largely govern transport through 
zeolite-TFN membranes 
2010 [167] 
 Functionalized Silica PA - 0.04, 0.4% in aqueous phase IP 
RO 
PV 
Small-angle neutron scattering (SANS) was used to study the 
dispersion of silica NPs in thin-film layer 
Thermal stability ↑; Pw ↑; NaCl rejection ↓ 
2010 [168] 
Functionalized MWNTs PA 
OD = ~ 30 nm  
L1 = 10-30 μm 
L2= 0.5-2.0 μm 
0.01-0.06% in aqueous or 
organic phase 
IP NF 
Pw ↑; Solute rejection no change 
Nanogaps around the external surface of fillers provide a low 
resistance solvent pathway 
2011 [169] 
Oxidized  
MWNTs 
PA - 0-0.2% (w/v) in aqueous phase IP RO Surface hydrophilicity ↑; Pw ↑; NaCl rejection ↓ 2011 [170] 
Metal alkoxide 
(TTIP, BTESE, PhTES) 
PA - 0-5% in organic phase IP NF/RO 
Pore size ↑; Pw ↑ 
With PhTES, Pw ↑, NaCl rejection no change 
2011 [171] 
Zeolite (NaX) PA 40-150 nm 
0.004, 0.01, 0.04, 0.2% (w/v) in 
organic phase (0.2%) 
IP RO 
Thermal stability ↑; Hydrophilicity ↑; 
Pw ↑; NaCl rejection no change 
2011 [172] 
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Hydrophilized ordered 
mesoporous carbon 
(OMC) 
PA - 0-10% in aqueous phase (5%) IP NF 
Hydrophilicity ↑; Protein adsorption ↓ 
Pw ↑; NaCl rejection ↓; Na2SO4 rejection slightly ↓ 
2011 [173] 
Hydrophilic 
macromolecules + Ag+ 
PA 11000 Da 
0.25% of (MDI+PEG) in 
organic phase 
0.25% of AgNO3 in aqueous 
phase 
IP Seawater RO 
Good seawater desalination performance 
Fouling resistance ↑; Biofouling resistance ↑ 
2011 [174] 
Ag NPs PA Several nanometers 
Dispersed in aqueous phase 
Finally, 10% in PA 
IP NF 
Surface hydrophilicity ↑; Pw ↑; Salt rejection no change 
Biofouling resistance ↑ 
2012 [175]  
Mesoporous silica 
(MCM-41) 
and nonporous silica 
PA 
~ 100 nm 
~ 100 nm 
0-0.1% in organic phase  
(0.05%) 
IP RO 
Surface hydrophilicity ↑; Pw ↑; Salt rejection no change 
Under 300 psi, optimal permeate flux is 46.6 L/m2h, NaCl   
rejection (97.9, 2000 mg/L) 
Porous structures of filler contributed significantly to the water 
flux enhancement 
2012 [176] 
Proteoliposome with 
aquaporin 
PA < 150 nm 10 mg/ml in aqueous phase IP RO 
Pw ↑; Salt rejection no change 
Under 72.5 psi, water flux is 20 L/m2h, NaCl rejection (~97%, 
584.4 mg/L) 
2012 [177] 
Aluminosilicate SWNTs PVA 
OD = 2.7 nm 
L > 200 nm 
0-20% (v/v) in PVA solution 
Coating + Cross-
linking 
NF 
Surface hydrophilicity ↑; Roughness ↓ 
Pw ↑; Salt rejection ↑ 
2012 [178] 
Zeolite (NaY) PA 40-150 nm 
0-0.4% (w/v) in organic phase 
(0.1%) 
IP FO 
Pw ↗↘; NaCl rejection ↘↗ 
Surface roughness ↗↘ 
2012 [179] 
Alumina NPs PA ~ 14 nm 1% in organic phase IP NF Surface hydrophilicity ↑; Pw ↑; Salt rejection no change 2012 [180] 
Oxidized MWNTs PA 
OD = 5-10 nm  
L = 10-30 μm 
5% of PA IP 
Oil sand process-
affected water 
treatment 
Water flux ↑; Organic fraction rejection ↑ 
Fouling resistance ↑ 
2013 [122] 
Zwitterion functionalized 
CNTs 
PA 
OD = 1.5 nm   
L = 1 μm 
0, 9, 20% of PA (20%) Deposition + IP RO 
Water flux and salt rejection ↑ 
Under 530 psi, optimal water flux is 48.8 L/m2h, NaCl rejection 
(98.6%, 2542 mg/L) 
2013 [181] 
Carboxylic MWNTs PA 
OD < 8 nm 
 L = 10-30 μm 
3 mg per membrane sample 
Deposition + 
IP 
RO 
High electrical conductivity (~400 S/m), NaCl rejection (>95%, 
1000 mg/L), high water flux 
Biofouling resistance ↑ under electric potential 
2013 [182] 
Oxidized MWNTs PVA 
OD = 10-30 nm  
L = 0.5-2 μm 
0, 5, 10, 15% of PVA 
Electrospinning+ 
Cross-linking 
UF 
Water flux ↑; Organic fraction rejection (99.5%) 
Good mechanical properties 
2013 [183] 
PMMA modified 
MWNTs 
PA 
OD = 20-30 nm  
L < 50 μm 
0-5.4 g/L in organic phase (0.67 
g/L) 
IP NF Pw and selectivity ↑ 2013 [184] 
PMMA modified 
MWNTs 
PA 
OD = 20-30 nm  
L < 10 μm 
0.67, 1.33, 2.0 g/L in organic 
phase (0.67) 
IP NF 
Under 145 psi, optimal water flux is 69.7 L/m2h, Na2SO4 
rejection (99.0%, 2000 mg/L) 
2013 [185] 
Carboxylic MWNTs PA 
OD < 8 nm 
 L = 10-30 μm 
0-2.0 mg/ml in aqueous phase 
(0.5) 
Modified IP 
O/A/O 
NF 
Pw ↗↘; Hydrophilicity ↗↘ 
Under 87 psi, optimal water flux is 21.2 L/m2h, Na2SO4 
rejection (>70%, 5 mmol/L) 
2013 [186] 
Amine functionalized 
MWNTs 
PA 
OD = ~ 5 nm    
L = ~ 50 μm 
0.01, 0.05, 0.1% in aqueous 
phase 
IP FO 
Hydrophilicity ↑; S value ↓ 
Pw and salt rejection ↑ in both AL-FS and AL-DS modes 
2013 [187] 
Zeolite  
(Silicalite-1) 
PA - 0-0.2% in organic phase IP RO 
Pw, hydrophilicity, and acid stability ↑ 
Silicalite-1 is superior to NaA in fabricating TFN 
2013 [188] 
Zeolite (NaA) PA - 0-0.2%(w/v) in organic phase IP RO Water flux and salt rejection ↑ 2013 [189] 
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Aminated Zeolite PA ≤ 100 nm 0.02% in aqueous solution IP RO 
Pw ↑; Chlorine resistance ↑ 
Under 800 psi, water flux is 37.8 L/m2h, NaCl rejection is 
98.8% (32000 mg/L) 
2013 [190] 
Zeolite A PA 250 nm 0.2% in organic phase IP RO 
Pw and salt rejection ↑ 
Resistance to physical compaction ↑ 
2013 [191] 
Modified mesoporous 
silica 
PA ~ 100 nm 
0-0.07% in aqueous phase 
(0.03%) 
IP NF 
Under 87 psi, optimal water flux is 32.4 L/m2h, Na2SO4 
rejection (> 80%, 5 mmol/L) 
2013 [192] 
Mesoporous silica PA ~ 164 nm 
0-0.1% (w/v) in organic phase 
(0.1) 
IP RO 
Pw and hydrophilicity ↑ 
Under 232 psi, optimal water flux is 53 L/m2h, NaCl rejection 
(>96%, 2000 mg/L) 
2013 [193]  
Aminated hyper branched 
silica 
PA ~ 7 nm 0.02% in aqueous solution IP RO 
Pw ↑; Chlorine resistance ↑ 
Under 800 psi, water flux is 34.5 L/m2h, NaCl rejection is 
97.7% (32000 mg/L) 
2013 [194] 
Silica Fluoropolyamide - 
0-1.0% (w/v) in aqueous phase 
(0.1) 
IP NF 
Pw ↑; Na2SO4 rejection ↗↘ 
Under 87 psi, optimal water flux is 15.2 L/m2h, Na2SO4 
rejection (85.0%, 2000 mg/L) 
2013 [195] 
Aluminosilicate SWNT PA 
OD = ~ 2.7 nm     
L = 150 nm 
0.05, 0.1, 0.2% (w/v) in organic 
phase 
IP (single pass 
flow) 
Low pressure RO Pw and salt rejection ↑ 2013 [196] 
Aminosilanized TiO2 PA ~ 21 nm 
0.005, 0.05, 0.1% in aqueous 
solution (0.005%) 
IP NF 
Pw and selectivity ↑; Thermal stability ↑ 
Under 110 psi, optimal water flux is 12.3 L/m2h, NaCl rejection 
is 54% (2000 mg/L) 
2013 [197] 
Organoclay           
(Cloisite 15A and 30B) 
Chitosan - 0.5, 1, 2% in casting solution 
Coating on PVDF 
substrate 
NF for dye 
removal 
Dye removal ↑ 
Adsoption is the dominating removal mechanism 
2013 [198] 
Proteoliposome 
containing Aquaporin Z 
PEI ~ 107.8 nm 
0, 50, 200, 400 in Lipid-to-
protein ratio (200) 
PEI crosslinking NF 
Under 14.5 psi, optimal water flux is 36.6 L/m2h  MgCl2 
rejection (95%, 100 mg/L) 
2014 [199] 
Carboxylic MWNTs PA 
OD = 20-40 nm  
L = 1-5 μm 
0-0.1% in MPD solution IP RO 
Hydrophilicity ↑; Water flux ↑ 
Solute rejection no change 
Better antifouling and antioxidative properties 
2014 [200] 
IP: Interfacial polymerization                          Pw: Water permeability 
PA: Polyamide                                                  
PV: Pervaporation 
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1.2.1 Effects on the trade-off relationship between permeability and selectivity 
As the barrier of TFC membrane, PA thin-film layer largely controls the membrane 
performance in terms of permeability, selectivity, and fouling resistance. The 
incorporation of nanomaterials into the PA layer could modify the physicochemical 
properties of the membrane such as hydrophilicity, charge density, porosity, and cross-
linking or even provide special water channels that may overcome the permeability/ 
selectivity trade-off relationship. 
Based on the solution-diffusion theory widely used to describe the mass transport in 
the PA TFC membrane [201, 202], an increase in hydrophilicity of membranes could 
facilitate water solubilization and diffusion through the membrane, thus improve water 
permeability [203].   
So far, almost all of the studies using hydrophilic nanofillers resulted in a TFN 
membrane with decreased contact angle, indicating an enhanced surface hydrophilicity. 
For example, the contact angle of zeolite-PA TFN membrane decreased from around 70° 
to 40° with increasing zeolite loading from 0 to 0.4%(w/v) in the organic phase [156]. 
The contact angle for the oxidized MWNTs-PA TFN membranes decreased from around 
70° to 25° with increasing MWNTs loading from 0 to 0.2%(w/v) in the aqueous phase 
[204]. For the mesoporous silica-PA TFN membranes, the contact angle was decreased 
from around 57° to 28° with increasing silica loading from 0 to 0.1%(w/w) in the organic 
phase [205]. Accordingly, all these studies exhibited an enhanced water permeability 
with an increasing nanofiller loading.  
The decrease of contact angle in the presence of embedded NPs could be caused by 
two reasons. First, the NPs may hydrate and release heat when contacting with the MPD 
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aqueous solution [162]. This process may affect the IP reaction between MPD and TMC, 
and subsequently the chemical structure of the PA thin-film. If more number of the acyl 
chloride groups in TMC remained on the surface without reacting with amine groups, the 
hydrolysis of acyl chloride could generate carboxylic acid functional groups; thus, 
surface hydrophilicity would increase [206]. Second, the embedded hydrophilic 
nanomaterials can be exposed on the membrane surface, providing more hydrophilic 
functional groups to membrane surface. This mechanism is similar to the one in the 
conventional nanocomposite membrane that improved surface hydrophilicity. 
Besides the hydrophilicity, the cross-linking condition and thickness of thin-film 
layer are also important factors controlling the water permeability and salt rejection 
[207]. In general, lower degree of cross-linking and thinner thickness of thin-film layer 
result in higher water permeability. Embedding nanofillers in the PA matrix could reduce 
the cross-linking (or integrating) in the thin-film layer by disturbing the reaction between 
amine groups and acyl chloride groups or even forming nanovoids around the interfaces 
between nanofiller and PA matrix. 
Based on the FTIR and XPS results, Lind et al. [167] pointed out that all TFN 
membranes prepared in their study were less cross-linked than the corresponding TFC 
membrane; however, the cross-linking extent didn’t show a strong correlation with water 
or salt permeability, which suggested that defects or molecular-sieving effect might have 
played a major role in the membrane separation performance. In another study examining 
the effects of MWNTs on TFN membrane performance, Roy et al. [169] showed that the 
nanogaps between the external surfaces of MWNTs and the polymer matrix could 
provide a very low resistance pathway for solvent leading to the permeability 
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enhancement. Meanwhile, the PA matrix was still the main contributor to the solute 
rejection. 
In addition to causing changes for the polymer cross-linking, the incorporation of 
nanofiller may also provide additional channels for facile transport of water but not 
solutes. Jeong et al. [156] introduced the zeolite-A NPs into TFN membrane, resulting in 
a higher water flux with constant salt rejection. After blocking the pores inside the 
zeolite, they found the permeability enhancement obviously decreased, although the 
permeability was still higher than that of conventional TFC membrane. This hydrophilic 
molecular-sieving NPs may provide preferential flow paths for water molecules. Yin et 
al. [176] compared the effects of two silica NPs with similar outside diameter (~100 nm) 
while different internal structures on the TFN membrane performance. When compared 
to the nonporous silica NPs, mesoporous silica NPs (MCM-41) containing highly ordered 
hexagonal pores exhibited significantly higher impact on water permeability. With the 
non-porous silica NPs, the reduction in polymer cross-linking could still occur but there 
will be no water permeation through internal structures of NPs; therefore, while the 
observed water flux in the membrane containing non-porous silica is higher than the 
conventional TFC, it is less than that in the membrane containing mesoporous silica. This 
result indicated that the internal pores of nanofiller contributed significantly to water 
permeability enhancement. In another study [199], proteoliposome containing aquaporin, 
a typical water channel protein, was fully encapsulated into the thin-film layer through 
crosslinking of poly(ethyleneimine) (PEI). This novel TFN membrane showed a 
significantly enhanced water permeability and typical NF rejection to MgCl2. 
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In order to overcome the permeability/selectivity trade-off relationship observed for 
polymeric membranes, solute rejection should remain near the same when the water 
permeability is improved. Based on the open literature, the high solute rejection seemed 
to be maintained by a combination of steric and Donnan exclusion [208]. So the goal of 
breaking the trade-off relationship mainly rely on one or more factors including a 
moderate reduction on cross-linking, an enhanced membrane surface charge density, an 
appropriate nanovoids, and additional water channels. For example, zeolite could provide 
molecular-sieving channels and enhanced charge density; mesoporous silica could 
provide large water channels combined with enhanced charge density; while aquaporin 
could provide exclusive water channels.  
To fully exploit the favorable properties of nanomateirals, we need to introduce the 
nanofillers with appropriate size, internal structure, and surface properties, and ensure 
suitable interfacial interactions with polymer matrices. Considering a typical thickness of 
the thin-film layer approximates several hundred nanometers [163, 207], the nanofiller 
particle should not be too large to ruin the barrier. The effects of crystal size of zeolite in 
the TFN membrane were investigated [162], and small sized NPs (~97 nm) were found to 
best match the thin-film thickness and provided permeability enhancement. To improve 
the dispersion of nanofillers and the interaction between nanofillers and polymer matrix, 
it is common to modify nanofillers surface prior the embedding process. Using CNTs as 
an example, the most common modification is to treat CNTs by concentrated acid to 
generate oxygen-containing functional groups so an adequate dispersion could be 
achieved for the membrane fabrication. It is also needed to provide good interactions 
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between CNTs and polymer matrices. This is consistent with the strategy used in the 
conventional nanocomposite membrane preparation (Section 1.1.1). 
1.2.2 Effects on antifouling properties 
As mentioned above (section 1.2.1), the introduction of hydrophilic nanofillers into 
the PA structure will increase the surface hydrophilicity and generally help mitigate 
surface fouling. Kim et al., [173] demonstrated that after incorporating hydrophilized 
ordered mesoporous carbons (H-OMCs) into PA thin-film layer, membranes showed an 
enhanced surface hydrophilicity (surface contact angle was decreased from around 79° to 
46°). With increasing H-OMCs loading, the adsorption of bovine serum albumin (BSA) 
was clearly decreased, indicating that the antifouling capability to organic protein 
materials was enhanced by H-OMCs. Another study showed that after incorporating in-
situ hydrophilic surface modifying macromolecules (iLSMM) [174], the TFN membrane 
surface exhibited significantly improved hydrophilicity. Their long term (200 h) fouling 
tests with sodium humate, silica particles, and chloroform showed the TFN membranes 
had a much lower flux reduction when compared to the conventional TFC membranes. 
The reduced flux reduction was also observed by Zhao et al [200] when using TFN 
membrane prepared by MWNTs to treat feed solution containing foulants Ca(HCO3)2 or 
BSA. 
1.2.3 Effects on antibacterial properties 
Built on the successful applications of biocidal materials in conventional 
nanocomposite membrane, it is reasonable to expect that the antimicrobial materials 
could also be applied for TFN membrane applications. In one study, Lee et al. [158] 
incorporated AgNPs into the PA structure during the IP process, where AgNPs were 
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homogenously dispersed in the organic phase. The membrane demonstrated a dramatic 
anti-biofouling capability on Pseudomonas with a good stability of the incorporated 
AgNPs. Rana et al. [174] incorporated iLSMM containing silver salts (such as silver 
citrate hydrate (SCH), silver lactate (SL), and silver nitrate (SN)) into the PA structure. 
The disk test results showed that the antimicrobial capability came in the order of SN > 
SL > SCH. In another study, AgNPs was dispersed in MPD aqueous solution [175] and 
the prepared membrane showed clear antibacterial properties. However, in these studies, 
there was no long time filtration test conducted with feed stream containing bacteria. 
Considering the dense structure and good ion rejection property of PA barrier, most 
of the embedded AgNPs (released as silver ions) inside the PA matrix is unlikely to be 
exposed to the interface between membrane and feed stream containing bacteria to act as 
biocidal material. Although this kind of membrane may show a relatively slow leaching 
rate, it can’t guarantee a long-term antimicrobial activity. Accordingly, an attempt was 
made to prepare an anti-biofouling membrane by incorporating zeolite nanocrystals in the 
silver form (AgA) by Lind et al., [161]. Due to the significant bactericidal activity of 
AgA nanocrystals, it was expected that antimicrobial property of TFN membrane would 
be improved. However, besides exhibiting a higher water permeability and comparable 
salt rejection, the membrane didn’t show the strong biocidal activity as expected.  
1.2.4 Effects on chlorine resistance 
The amide linkage in PA TFC membranes is susceptible to attack by chlorine, 
leading to the undesired degradation that could essentially ruin the membrane. Therefore,  
much attention must be paid to prevent the membrane from being exposed to strong 
oxidants especially chlorine [209]. Solutions proposed include coating PA surface with 
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chlorine resistant materials [210] and introducing specific functional groups to the amide 
structure [211].  
Introducing nanomaterials into PA structure provides a new dimension to design 
chlorine resistant membranes. When MWNTs were incorporated into PA thin-film layer 
at a loading of 0.1-1 wt%, for example, the membrane showed a much improved chlorine 
resistance [166]. It was believed that the interactions between the carboxylic group of 
modified MWNTs and the amide bond made the membrane more stable against chlorine. 
Similarly, Zhao et al. [200] found the MWNTs embedded TFN membrane had a better 
chlorine resistance and attributed this phenomenon to the protection of amide linkage by 
electron-rich MWNTs. 
Because amide bonds are the main target of chlorine attack, introduction of 
additional amide bonds or amino groups to the membrane seems to be a reasonable 
strategy to protect the PA cross-linking structure. Hence, Kim et al. incorporated 
aminated zeolite [190] or hyper-branched polyamide modified silica NPs [194] into the 
PA thin-film layers. The results demonstrated that these two TFN membranes had an 
enhanced chlorine resistance. This enhanced resistance could result from: 1) the 
intermolecular hydrogen bonding between aminated NPs and PA structure, which 
mitigates the replacement of hydrogen by chlorine, and 2) the additional amide bonds or 
amino groups introduced by aminated NPs that renders the membrane more resistant to 
the chlorine attack. 
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1.2.5 Effects on thermal stability 
Jadav et al. [163, 168] found that after incorporating silica NPs into the PA thin-film 
layer, the thermal stability of the TFN membranes was increased. This phenomenon 
could be attributed to the stronger electrostatic and steric interactions between silica and 
PA in the modified polymer network structures. The incorporation of zeolite (NaX) [172] 
inside the PA structure also led to an TFN membrane with a higher thermal stability and 
an enhanced filtration performance. However, no significant change in the thermal 
decomposition temperature was observed in these studies, suggesting that there was no 
strong interaction between the nanofillers and polymer backbone chains. To improve the 
interaction between nanofiller and PA structure for further improvement of thermal 
stability, TiO2 was aminosilanized prior to IP process [197], resulting in a membrane that 
indeed had an better thermal stability, in addition to an improved permeability and 
selectivity. 
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1.3 TFC with nanocomposite substrate 
This class of membranes was first developed to investigate the effects of nanofiller 
on membrane compaction behavior, which is listed along with other studies in Table 1.3. 
In that study by Pendergast et al. [212], silica or zeolite NPs were embedded into the PSU 
substrate, which was then used in the IP process to prepare TFC membranes for RO. The 
prepared membranes showed a higher initial permeability and experienced less flux 
decline during the compaction when compared with the original TFC membrane. The 
existence of nanomaterials was believed to have provided necessary mechanical support 
to mitigate the collapse of porous structure and thickness reduction upon compaction.  
Further study found that membranes with nanocomposite substrate undergone far less 
physical compaction and played an important role in maintaining high water permeability 
[191], as illustrated in Fig. 1.5.  
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Table 1.3 Summary of TFC membranes with nanocomposite substrate 
TFC with Nanocomposite 
Substrate 
Particle Size 
Loading wt.% 
(Best 
performance) 
Fabrication 
Method 
Application Performance 
Published 
year and 
reference Filler Polymer 
SiO2 
PSU 
34-130 nm - 
PI + IP RO 
Minimize the deleterious effects of physical 
compaction 
2010 [212] 
Zeolite 250-300 nm - 
MWNTs PSU 
Diameter = 5-10 nm 
Length = 10-30 μm 
0-5 (5) PI + IP NF/RO Hydrophilicity of substrate ↑; Pw ↑ 2012 [175] 
SiO2 PAN < 10 nm 6 
Electrospinning + 
Dip-coating + 
Cross-linking 
PRO 
Mechanical strength of substrate ↑ 
Intrinsic Pw (A) ↑; S ↓ 
2013 [213] 
Zeolite A PSU 250 nm 20% of PSU  PI + IP RO 
Pw and rejection of substrate ↑ 
Pw and salt rejection ↑ 
Resistance to physical compaction ↑ 
2013 [191] 
Zeolite (NaY) PSU 40-150 nm 0, 0.5, 1.0 (0.5) PI + IP FO Pw and hydrophilicity of substrate ↑; S ↓; ICP ↓ 2013 [214] 
MWNTs PES 
Diameter = 10-20 nm 
Length = 1-5 μm 
0-2.5 PI + IP FO 
Tensile strength of substrate ↑ 
Pw and salt rejection ↑; S ↓ and ICP ↓ 
2013 [215] 
TiO2 (P25) PSU ~ 21 nm 0.5 PI + IP FO 
Pw, hydrophilicity, and porosity of substrate ↑ 
Pw ↑, S ↓ and ICP ↓ 
2013 [216] 
TiO2 (P25) PSU ~ 21 nm 0-1.0 (0.5) PI + IP FO 
Pw, hydrophilicity, and porosity of substrate ↑ 
Pw ↑, S ↓ and ICP ↓ 
2014 [217] 
TiO2 (P25) PSU ~ 21 nm 0-0.9 (0.6) PI + IP FO 
Pw, hydrophilicity, and porosity of substrate ↑ 
Pw ↑, S ↓ and ICP ↓ 
2014 [218] 
PI: Phase inversion 
IP: Interfacial polymerization 
Pw: Water permeability 
S:   Structural parameter 
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Fig. 1.5 Schematic drawings showing the proposed physical changes to support and thin film 
structure during compaction in (a) TFC, (b) TFC with nanocomposite substrate, (c) TFN, and (d) 
TFN with nanocomposite substrate. Adapted with permission from [191]. 
Recently, this concept was mainly implemented to mitigate internal concentration 
polarization (ICP, occurring inside the porous support layer), which may negatively 
impact the FO and PRO processes because it can significantly reduce the available 
osmotic driving force and hence lower the water flux [219]. The nanocomposite substrate 
may have an enhanced hydrophilicity and a reduced structural parameter (S) controlled 
by thickness (l), tortuosity (τ) and porosity (ε). Generally, a large S value inevitably leads 
to severe ICP. The relationship between S and those membrane parameters (l, τ, ε) is as 
follow [220]: 
                                                       𝑆 =  
𝑙∙𝜏
𝜀
                                                               (1) 
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Ma and et al. [214] incorporated zeolite into PSU substrate, resulting in a significant 
reduction of S from 0.96 mm to 0.34 mm and a higher water flux under either Al-DS 
(active layer facing draw solution) or AL-FS (active layer facing feed solution) condition. 
They attributed this phenomenon to an improved porosity, better hydrophilicity and 
additional water pathways through porous NPs. This is the first study that demonstrated 
the possibility to use porous NPs and nanocomposite substrate to control ICP in FO 
operation. Subsequent studies used MWNTs [215] and TiO2 [216-218] to mitigate ICP 
problem in the nanocomposite substrate for FO process. The resulting membranes all 
showed an enhanced FO performance with a reduced S. For example, the S value of the 
membrane containing MWNTs decreased from 3.939 mm to 2.042 mm. Furthermore, the 
same substrate also showed an enhanced tensile strength, another desirable property 
change for practical FO application. 
1.4 Surface located nanocomposite 
In addition to membrane structure, porosity and thickness, membrane surface 
properties such as hydrophilicity, pore size, charge density, and roughness have a major 
impact on the membrane performance in terms of separation and antifouling 
characteristics. Modification of surface properties, therefore, could significantly improve 
the efficiency of membrane water treatment, as for surface-located nanocomposite 
membranes listed in Table 1.4. The process of preparing this type of membranes has 
minimal effects on the membrane’s intrinsic structures, so there is a good potential of 
implementing such an approach on commercially available membranes.  
Surface located nanocomposite membranes could be prepared based on methods 
such as self-assembly, coating/deposition, and chemical grafting (Table 1.4). Those 
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fabrication methods can be implemented individually or be involved simultaneously, for 
example, during the layer-by-layer assembly process, the electrostatic attraction is a 
common assembly force. Those methods are listed here based on their most unique 
properties such as bonding force and bonding process. 
Table 1.4 Summary of surface located nanocomposite membranes 
Fabrication Method Nanomaterial Application Performance Reference 
Self-assembly TiO2 RO; UF; NF; PMR 
Hydrophilic; Fouling resistance ↑; 
Antimicrobial activity under UV 
[221-229] 
Coating/Deposition 
TiO2 UF Hydrophilic; Fouling resistance ↑ [21, 53, 230, 231] 
PANI UF Hydrophilic; Fouling resistance ↑ [135] 
GO NF High water flux, good dye rejection [232] 
GO/TiO2 UF High flux and photodegradation activity [233] 
CNTs 
Viral and bacterial 
pathogens 
removal; Drinking 
water treatment 
Significant antimicrobial activity [234, 235] 
Adsorption-reduction Ag RO; UF Antimicrobial activity [153, 236-238] 
Electrostatic attraction 
Ag UF Antimicrobial activity [239] 
Silica FO Hydrophilic; Good organic fouling resistance  [240] 
Cu RO Antimicrobial activity [241] 
Layer-by-layer 
assembly 
CNTs RO Thermal stability ↑; Chlorine resistance ↑ [242] 
GO NF; PV; RO Used as rejection layer ; Chlorine resistance ↑ [243-245] 
Ag NF; FO Antimicrobial activity [246] 
Aquaporin NF Pw ↑; MgCl2 rejection ↑ [247] 
Chemical grafting 
TiO2 NF Fouling resistance ↑ [248] 
CNTs RO Antimicrobial activity [249] 
Ag/CNTs Water disinfection Antimicrobial activity [250] 
Ag RO; UF Antimicrobial activity [251, 252] 
Cross-linking 
Cellulose 
nanofiber 
UF Hydrophilic; Fouling resistance ↑ [253] 
Colloidal precipitation TiO2 UF Pw ↑; HA rejection ↑ [254] 
Low temperature 
hydrothermal process 
TiO2 
Membrane 
distillation 
Fouling resistance ↑ [255] 
 
1.4.1 Self-assembly 
Self-assembly is the main process used to attach TiO2 NPs onto specific membrane 
surfaces containing -COOH, -SO3-H+, and sulfone groups through coordination and H-
bonding interactions (Fig. 1.6) [222, 224]. Membrane surfaces without these functional 
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groups could be pretreated to introduce such groups prior to the self-assembly process. 
For example, sulfonated PES [223, 225], polyimide (PI) blended PES [227], 
poly(styrene-alt-maleic anhydride)(SMA) blended PVDF [228], and poly(acrylic acid) 
(PAA) modified polypropylene membranes [229] were all successfully used to carried 
out the TiO2 self-assembly process. During these studies, the incorporation of TiO2 NPs 
on membrane surface not only increased membrane hydrophilicity but also provided 
membrane with photocatalytic properties.  
Bae and et al. [223, 225] introduced TiO2 self-assembled nanocomposite membranes 
into membrane bioreactor (MBR) and found the membrane fouling was significantly 
reduced due to the increased hydrophilicity of the membrane surface. Their studies also 
proved that nanocomposite membrane showed lower extent of cake layer formation and 
irreversible fouling.  
Under UV light irradiation, TiO2 self-assembled membranes showed clear 
antimicrobial activities [221, 222], self-cleaning [226] and organic material 
decomposition capabilities [229], all attributable to the photocatalytic property of TiO2.  
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Fig. 1.6 Mechanism of self-assembly of TiO2 NPs onto specific membrane surface (Adapted with 
permission from [222, 224]). I. A bidendate coordination of carboxylate to Ti4+; II. A H-bond 
between carbonyl group and hydroxyl group of TiO2. III. A coordination of sulfone group and 
ether bond to Ti4+; IV. A H-bond between sulfone group and ether bond and hydroxyl group of 
TiO2. 
1.4.2 Coating/Deposition 
Coating/Deposition is another widely used process to prepare surface located 
nanocomposite in which straight forward dip-coating or filtration-deposition are applied 
to place nanomaterials onto membrane surface. For instance, Bae and Tak [21] deposited 
TiO2 NPs onto different polymeric membrane (PSU, PVDF and PAN) surfaces and 
compared their performance with TiO2 entrapped membranes in a MBR system. They 
found TiO2 deposited membranes showed a greater fouling mitigation effect because of a 
large amount of TiO2 located on membrane surface. Han et al. [232] deposited an 
ultrathin (22-53 nm thick) GO barrier onto a MF membrane surface and demonstrated 
that the prepared membrane had a much higher water flux and good rejection for organic 
dyes. However, one shortage of coating/deposition method is the potential loss of 
deposited nanomaterials with time due to the weak interactions between nanomaterials 
I II 
III IV 
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and membrane surface. This may seriously hinder its applications, particularly in cross-
flow systems.  
1.4.3 Electrostatic attraction 
Electrostatic attraction has been explored to attach positively charged PEI 
encapsulated AgNPs [239] or CuNPs [241] and (-N(CH3)3
+) modified silica NPs [240] 
onto negatively charged membrane surfaces to enhance membrane’s antimicrobial and 
antifouling properties. The results indicated that membranes covered with AgNPs and 
CuNPs showed a clear antimicrobial activity, while superhydrophilic silica covered 
membrane showed enhanced antifouling capability due to the lower adhesion force 
between organic foulant and membrane surface. However, one challenge here is the quick 
release of silver or copper ions leading to a fast depletion of antimicrobial capability. 
Using CuNPs covered membrane as an example, over 30% of the loaded copper will 
detach from the membrane surface into water either as Cu2+ or as NPs during the first two 
days. The detachment rate is expected to increase when the membrane is utilized under 
the cross-flow configuration, especially with a feed solution of low pH, high ionic 
strength, and high concentrations of chelating agents or organic ligands. To maintain a 
sufficient antimicrobial activity, frequent recharge of those nanoparticles is necessary. 
1.4.4 Adsorption-reduction 
Silver NPs could also be attached onto membrane surfaces through an adsorption-
reduction mechanism, where silver ions were first adsorbed by the membrane surface, 
and then reduced by chemical agents such as formaldehyde [236], vitamin C (VC) [237], 
and ascorbic acid [153] or under light irradiation [238]. Using this approach, Zhu et al. 
[153] prepared chitosan based membranes immobilized with ionic or metallic silver and 
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then compared their anti-biofouling performances by using two typical bacteria (E. coli 
and Pseudomonas sp.). Although both membranes showed effective anti-bacterial and 
anti-biofouling activities, the membrane with metallic silver possessed more stable and 
better overall anti-biofouling performance. 
1.4.5 Layer-by-layer assembly 
During the lay-by-lay assembly, electrostatic attraction, hydrogen bonding, and/or 
chemical bonding could all be involved in the attachment of multiple layers of 
nanomaterials onto the membrane surface. However, the electrostatic attraction is the 
most common force exploited, notable between polycation and polyanion species. For 
instance, Park et al. [242] used PAH as polycation and PAA containing carboxylated 
MWNTs as polyanion to do the assembly on the negatively charged PSU membrane 
surface. After thermal cross-linking, the membrane showed an enhanced thermal stability 
and chlorine resistance. Wang et al. [243] used PEI modified GO as polycation and PAA 
as polyanion to prepare PAN-based NF membranes, which exhibited improved 
mechanical and thermal properties. Liu et al. [246] used PAH as polycation and 
Poly(sodium 4-styrene-sulfonate) (PSS) as polyanion for the surface assembly, and 
during the process, AgNPs were introduced by being suspended either in the PAH 
solution or the PSS solution. After cross-linking, the silver nanocomposite membranes 
showed a good NF and FO performance and exhibited excellent antibacterial properties 
against both Gram-positive and Gram-negative bacteria. In another study [245], new 
materials such as GO and aminated-GO were used as polyanion and polycation, 
respectively, to form an chlorine barrier on the PA TFC membrane surface to improve 
chlorine resistance. 
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Chemical bonding could also be used in the lay-by-lay assembly. Hu and Mi [244] 
prepared a novel membrane via layer-by-layer deposition of GO nanosheets onto a 
polydopamine coated PSU membrane, where TMC was used as a cross-linking agent 
(Fig. 1.7). The resulting membrane showed a very high water permeability and good 
rejection to Rhodamine-WT dye.  
                           
Fig. 1.7 The conceptual digram of layer-by-layer assemblied GO membrane. Adapted 
with permission from [244]. Copyright 2014 American Chemical Society. 
1.4.6 Chemical grafting 
One concern of the surface located nanocomposite membrane is the depletion of the 
deposited nanomaterials during the filtration process, especially for those attached onto 
the membrane surface through weak van der Waals and electrostatic forces. The loss of 
nanomaterials will gradually deplete the desired functionality of the nanocomposite 
membranes and may also release nanomaterials to water which may have potential risks 
to humans.  
As a result, stronger attachments through processes such as chemical bonding have 
been actively explored to extend the desirable functionality of nanocomposite 
membranes. For example, Gunawan et al. [250] used polyethylene glycol-grafted 
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MWNTs as a bridging structure between AgNPs and hollow fiber membrane surface. In 
their study, AgNPs were firstly coated onto MWNTs to prepare Ag/MWNTs, and then 
Ag/MWNTs were covalently bonded to the external surface of a chemically modified 
PAN membrane. Yin et al [251] effectively attached AgNPs onto the surface of PA TFC 
membrane through chemical bonding (Ag-S) by using cysteamine (H2N-(CH2)2-SH) as a 
bridging agent, as illustrated in Fig. 1.8. The prepared membrane showed good stability 
of the immobilized AgNPs and excellent antibacterial properties, while the water flux and 
salt rejection were maintained. Lately, Park et al. [252] attached the AgNPs onto thiolated 
PVDF UF membrane surface, resulting in a stable antimicrobial membrane. 
 
 
Fig. 1.8 Schematic diagram of immobilization of AgNPs onto the surface of PA TFC membrane. 
Adapted with permission from [251]. 
1.4.7 Other fabrication methods 
Other fabrication methods such as cross-linking, colloidal precipitation and 
hydrothermal process have been successfully used to prepare surface located 
nanocomposite membranes. In the cross-linking process, an additional polymer was 
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needed to form the cross-linked matrix to wrap up nanomaterials for their incorporation 
onto the membrane surface. For example, Wang et al. [253] attached cellulose nanofiber 
onto nanofibrous UF membrane surface by using cross-linked PEG, resulting in a 
superior membrane with an improved water permeability and fouling resistance.  
1.5 Conclusions and Perspectives 
Progress in the development of polymer-matrix nanocomposite membranes for 
water treatment has been tremendous in recent years. Besides tuning the physicochemical 
properties of membranes (hydrophilicity, porosity, charge density, thermal, and 
mechanical stability), the incorporation of nanomaterials can provide membranes with 
some unique properties of nanomaterials and also possibly induce new characteristics and 
functions based on their synergetic effects. It provides a new dimension to design the 
next generation of polymeric membranes with high performance and antifouling 
properties. The potential applications of nanocomposite membranes could cover the 
whole filtration spectrum including MF, UF, NF, RO, and FO. 
Several challenges still need to be addressed to optimize the design of the 
nanocomposite membranes for industrial applications at a large scale. First, no 
fundamental understandings were developed to systematically reflect the effects of 
nanomaterials on membrane structures and correlate them to the membrane performance 
changes. Specific contributions of surface hydrophilicity, pore size, charge density and 
membrane porosity to the membrane performance are still unclear. 
Second, approaches for better dispersion of nanomaterials needs to be further 
explored. Aggregation is a common problem that may prevent nanomaterials from being 
homogeneously dispersed inside polymer matrices. Improved dispersion of nanofillers 
   Chapter One 
46 
 
could be achieved by modifying nanofiller surfaces or optimizing the embedding process, 
and the specific process will depend on polymer chemistry involved for membrane 
fabrications.  
Third, it is important to ensure the compatibility of nanofillers with polymers. The 
compatibility will determine both the optimal membrane performance and the stability of 
nanofillers within the host polymer. They are critical to optimize the loading 
concentration and durability of nanocomposite membranes. Considering the potential 
effects of leached nanomaterials to the environment, nanomaterial leakage and its 
environmental toxicity also need to be systematically evaluated. 
Finally, the industrial application of nanocomposite membranes for water treatment 
is still in its infancy. There are many laboratory based studies on the application of 
nanocomposite membranes, but very few reports exist on the large scale production and 
industrial application. More work is needed to evaluate the cost-effectiveness of large 
scale membrane fabrication including the supplies of nanomaterials, and monitor the 
long-term stability of membranes under practical application conditions. These studies 
should be implemented on a case by case basis with a full consideration of the source 
water quality and application environments. Using antimicrobial membrane as an 
example, it is attractive due to its demonstrated resistance to membrane biofouling. 
However, for long-term application, the loss of antimicrobial activity due to the depletion 
of biocidal agents or insufficient contact between bacteria and biocide caused by other 
foulant necessitates frequent recharging and cleaning of the membranes. How to 
effectively attach biocidal agents onto membrane and control their release should be 
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further examined. For commercial applications, there is a need to consider cost-
effectively attaching biocidal agents onto the membrane and recharging them as needed. 
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CHAPTER TWO 
Fabrication of a novel thin-film nanocomposite (TFN) membrane 
containing MCM-41 silica nanoparticles (NPs) for water purification 
Abstract 
A thin-film nanocomposite (TFN) membrane containing porous MCM-41 silica 
nanoparticles (NPs) was prepared by the in situ interfacial polymerization (IP) process. 
Aqueous m-phenylenediamine (MPD) and organic trimesoyl chloride (TMC)-NPs 
mixture solutions were used in the IP process. Porous MCM-41 (~100 nm) and non-
porous spherical silica NPs (~100 nm) were synthesized and used as the fillers to 
fabricate the TFN membrane at concentrations ranging from 0 to 0.1 wt%. The 
membranes were characterized by scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), atomic force microscopy (AFM) and attenuated total 
reflection Fourier transform infrared (ATR FT-IR) spectroscopy, and their performances 
were evaluated based on the water permeability and salt rejection. Results indicated that 
the MCM-41 NPs dispersed well in polyamide (PA) thin-film layer and improved 
membrane performances under optimal concentrations. By increasing concentration of 
MCM-41 NPs, hydrophilicity, roughness and zeta potential of TFN membranes all 
increased. Notably, the permeate water flux increased from 28.5 ± 1.0 L/m2h to 46.6 ± 
1.1 L/m2h with the incorporation of MCM-41 NPs, while maintaining high rejections of 
NaCl and Na2SO4 (97.9 ± 0.3 % and 98.5 ± 0.2 %, respectively). A comparison between 
the membranes with non-porous silica NPs (S-TFN) and with the porous MCM-41 NPs 
(M-TFN) suggested that the internal pores of MCM-41 NPs contributed significantly to 
the increase of water permeability. 
Keywords: MCM-41 nanoparticles; Polyamide; Thin-film nanocomposite; Interfacial 
polymerization; Desalination 
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2.1  Introduction 
Reverse osmosis (RO) and nanofiltration (NF) membranes have been widely used 
for water reclamation, desalination, and other separation processes [1-3]. The thin-film 
composite (TFC) membrane is a major type of RO and NF membranes, which consists of 
a thin-film layer supported on a porous substrate (support layer) [4]. High water flux, 
high solute rejection, minimum membrane fouling, and excellent mechanical durability 
are major attributes of a good TFC membrane [5]. Many efforts have been devoted to 
modify polymer materials, develop new membranes, and implement proper pre-
treatments in order to improve the membrane performance. Because of the multilayer 
structure of TFC membranes, replacing or modifying the support layer is one way to 
improve their performance. Polysulfone (PSU) is a dominant material used for the 
support layer, which shows good thermal and chemical stabilities with low cost [1, 6]. 
Optimizing its structure through modified fabrication process [1], or replacing it with 
other polymer such as the plasma-treated polyvinylidene fluoride (PVDF) [7] have been 
reported to improve the TFC membrane performance. The other approach is to change 
properties of the thin-film layer. Uses of different interfacial polymerization (IP) 
conditions [8], monomers [9], and physical coating or chemical modifications [10, 11] 
could be explored to optimize the membrane performances. 
Recently, the thin-film nanocomposite (TFN) membrane is under active 
development in which nanomaterials are embedded in the thin-film layer to improve the 
membrane physicochemical properties and performance. Jeong et al. [12] introduced the 
Zeolite-A nanoparticles (NPs) into TFN membrane, resulting in higher water flux with 
constant salt rejection. The hydrophilic and negatively charged Zeolite-A NPs provided 
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the preferential flow paths for water molecules and the combination of steric and Donnan 
exclusion maintained high salt rejection. The effects of crystal size of zeolite in the TFN 
membrane were investigated [13], and small sized NPs (~100nm) were found to best 
match the thin-film thickness and provided permeability enhancement. Silica (SiO2) NPs 
improved membrane thermal stability and performance [14], TiO2 increased surface 
hydrophilicity and enhanced water flux [15], and silver (Ag) NPs promoted the anti-
biofouling properties [16]. These results suggested a great potential of TFN membranes 
to out-perform those conventional thin-film composites currently available on the market. 
However, the mechanism of water permeability enhancement of TFN membrane is still 
unclear. Changes in surface hydrophilicity, porous structures of filler, and cross-linking 
of polymers in the thin-film layer could all contribute to this performance improvement. 
Therefore, it is necessary to explore the specific contributions of these possible factors. 
And this fundamental understanding will help screen good filler candidates with desirable 
properties for a new generation of high performance TFN membranes. 
The primary objective of this study was to illustrate if the internal pore structures of 
fillers could influence the performance of TFN membranes, and then develop a high 
performance TFN membrane. Silica is chemically inert, thermally stable, and inexpensive 
[17], so two silica-based fillers with similar size but different internal structures were 
synthesized as model filler materials. Ordered mesoporous material, MCM-41 NPs, 
which possesses a two-dimensional (2D) hexagonal ordered structure, tunable size and 
controllable morphology [18-20] was used to represent a porous filler, while spherical 
silica NPs without internal pores was used as a non-porous filler. To be compatible with 
the typical thickness of thin-film layer which is about several hundred nanometers [8, 
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14], the size of filler was controlled at around 100 nm. These two kinds of fillers were 
incorporated into the polyamide (PA) thin-film layer during the IP process, thus creating 
the TFN membranes. The physicochemical properties of the NPs and TFN membranes 
were evaluated by scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), atomic force microscopy (AFM), attenuated total reflection Fourier 
transform infrared (ATR FT-IR) spectroscopy, contact angle and streaming potential 
measurements. The membrane performances were examined by water permeability and 
solute rejection based on different loadings of NPs. The effect of filler’s internal pores 
was explored by comparing the performance of different TFN membranes embedded 
with specific fillers.  
2.2  Materials and methods 
2.2.1 Materials 
Cetyltrimethylammonium bromide (CTAB, 95%, Aldrich) and tetraethyl 
orthosilicate (TEOS, 98%, Sigma-Aldrich) were used as surfactant and silica source, 
respectively, for the synthesis of MCM-41. TEOS and aqueous ammonia solution 
(catalyst, 20–22%, Fisher Scientific) were used for the synthesis of spherical silica NPs. 
PSU (Mw = 35,000, Aldrich) pellets dissolved in N, N-dimethylformamide (DMF, 
99.8%, Aldrich) were used as the casting solution to make the support layer. m-
phenylenediamine (MPD, >99%, Aldrich) and trimesoyl chloride (TMC, >98.5%, 
Aldrich) were monomers used in the IP process. All chemicals were ACS reagents grade. 
Deionized (DI) water produced by Millipore DI system (Synergy 185, 18.2 MΩ·cm) was 
used for solution preparation and filtration study. 
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2.2.2 Synthesis and characterization of MCM-41 NPs and spherical silica NPs 
MCM-41 NPs were synthesized by a procedure reported in the literature [20]. A 3.5 
mL of 2 M sodium hydroxide solution (NaOH, Aldrich) and 480 mL of DI water were 
mixed for 10 min, and 1.0 g of CTAB was added to mixture with stirring at 353 K for 30 
min. Then, a 5 mL of TEOS was added drop-wise to the prepared solution. After 2 h of 
stirring, a white slurry mixture formed was centrifuged at 10,000 rpm for 10 min (5810R, 
Eppendorf Corp., Hamburg, Germany) and washed twice with DI water. The products 
were dried at ambient temperature and calcinated in air at 823K for 4 h. 
The hydrolysis of TEOS in ethanol with ammonia as a catalyst was used to 
synthesize the spherical silica NPs [21]. A 14 g of ammonia aqueous solution was mixed 
with 190 mL ethanol, and then 22.3 mL TEOS was added. After 4 h of stirring at room 
temperature (23 ± 1 °C), the mixture was centrifuged at 10,000 rpm for 10 min. The 
product was washed twice with ethanol, dried and calcinated in air at 723K for 3 h. The 
final products (i.e., MCM-41 NPs and spherical silica NPs) were stored in a desiccator. 
The crystalline structures of synthesized NPs were analyzed by an X-ray powder 
diffractometer (XRD, Ultima IV, Rigaku Americas Corp., The Woodlands, TX). The 
samples were scanned from 0.8° to 10° (2θ) with a step size of 0.02° and a count time of 
1 s at each point. N2 adsorption onto and desorption from the NPs were carried out on 
QUADRASORB™ SI (Quantachrome Instruments, Boynton Beach, FL) at 77 K. The 
specific surface areas and pore size distributions were calculated by Brunauer-Emmett-
Teller (BET) method and density functional theory (DFT) method, respectively. 
Morphology and internal structure of NPs were examined by SEM (Quanta FEG 600, FEI 
Company, Hillsboro, OR) and TEM (JEM 1400, JEOL Ltd., Peabody, MA). SEM 
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specimen was prepared by dropping NPs-ethanol mixture solution onto a silicon wafer. 
After complete drying at room temperature, the specimen was coated with platinum by a 
sputter coater (K575x, Emitech Ltd., Kent, England) at 20 mA for 1 min to increase 
conductivity. TEM samples of NPs were prepared by dropping NPs-ethanol mixture 
solution onto carbon coated copper grid and drying at the room temperature. 
2.2.3 Preparation of PSU support layer and TFN membrane 
The PSU support layer was fabricated by the phase inversion method (presented in 
SI Fig. 2.1s) using 15 wt% PSU-DMF casting solution. The casting solution was stirred 
at 50 °C for 6 h, and kept overnight for degassing. The clear solution was spread on a 
glass plate and casted by casting knife (EQ-Se-KTQ-150, MTI Corp., Richmond, CA) to 
approximately 100 µm of film thickness. Then, glass plate was immediately immersed 
into a DI water bath (25 °C). The precipitated PSU support membrane was washed and 
stored in DI water at least 24 h until use. 
For TFN membrane fabrication (presented in SI Fig. 2.2s), the prepared PSU 
support layer was immersed in a 2.0 wt% MPD-water solution for 3 min. Excess solution 
on the surface was removed by a rubber roller. Next, the MPD saturated PSU support 
layer was soaked in a 0.15 wt% of TMC-hexane solution for 2 min, resulting in the 
formation of a PA thin-film layer. The amounts of NPs (MCM-41 or spherical silica NPs) 
dispersed in the TMC-hexane solution varied from 0 to 0.1 wt%. A complete mixing of 
NPs in the TFC-hexane solution was achieved by ultrasonication for 1 h. The TFN 
membranes were rinsed with pure hexane and cured at 80°C in an oven for 5 min, and 
then stored in DI water at 5°C. The final products were named as M-TFN-x or S-TFN-x, 
where x denoted the concentration of filler in TMC solution during the IP process. For 
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example, TFN membrane prepared by 0.05 wt% MCM-41 NPs was named as M-TFN-
0.05. 
2.2.4 TFN membrane characterization and performance assessment 
SEM analysis of membrane surface was conducted using a piece of membrane dried 
at room temperature. The operational condition was identical with NPs analysis described 
in the section of 2.2.2. To obtain the TEM cross-section, the membranes were embedded 
in Epon resin (Eponate 12, Ted Pella, Inc., Redding, CA) and cut by Reichert-Jung 
Ultracut E ultramicrotome (Reichert, Inc. Depew, NY). The images were taken under 80 
kV by using JEM 1400. Hydrophilicity of membrane was assessed based on the 
measurement of pure water contact angles. The video contact angle system (VCA-2500 
XE, AST products, Billerica, MA) was employed to perform the sessile drop method. At 
least six stabilized contact angles from different sites of each sample were obtained to 
calculate average contact angle and standard deviation. The functional groups of 
membrane surface were identified by attenuated total reflection Fourier transform 
infrared (ATR FT-IR) spectroscopy. Nicolet 4700 FT-IR (Thermo Electron Corporation, 
Waltham, MA) equipped with multi-reflection Smart Performer® ATR accessory was 
used for this analysis. All spectra included the wave numbers from 500 to 4000 cm-1 with 
128 scans at a resolution of 2.0 cm-1. Quantitative surface roughness of the membrane 
was analyzed by atomic force microscopy (AFM5500, Agilent Technologies, Inc. Santa 
Clara, CA) with tapping mode in air. A 100 μm2 of surface area was tested and the root 
mean square (RMS) roughness was recorded. Tangential streaming potential was 
measured to calculate surface zeta (ζ) potential with 0.01 M potassium chloride (KCl, 
Fisher) used as an electrolyte solution. All measurements were carried out at room 
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temperature (23 ± 1 °C) and the solution pH was controlled at 5.8 ± 0.2. The zeta 
potential was obtained by the classic Helmholtz-Smoluchowski (H-S) equation:  
                                                        0
S
r
E
P


 


                                                     (1) 
where Es is the tangential streaming potential, ΔP is the pressure gradient, κ is the 
conductance of electrolyte solution, η is the liquid viscosity, ε0 is the vacuum 
permittivity, and εr is the relative dielectric constant. 
A high pressure cross-flow filtration system (pressure range: 50–500 psi) was used 
to evaluate water flux and solute rejection. A schematic diagram of the filtration system 
is shown in Fig. 2.1.  
 
Fig. 2.1 The schematic diagram of a high pressure cross-flow filtration system. 
The filter holder (Model: XX4504700, stainless steel, Millipore Corp., Billerica, 
MA) in the test apparatus had an effective membrane area of 9.6 cm2. Prior to test, each 
membrane was compressed by DI water at 300 psi for 5 h. Water flux was measured by 
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the weight of the permeate water at a constant transmembrane pressure (TMP). The 
weight of the permeate water was recorded by a LabVIEW automated system (National 
Instruments LabVIEW 8.2 with Ohaus digital balance). After pure water flux test, salt 
solution (final concentration of 2,000 ppm of NaCl or Na2SO4) was added and the 
conductivity of feed and permeate solutions was measured by a conductivity/TDS meter 
(HACH Company, Loveland, CO). The measurement was conducted at 25 ± 1 °C, which 
was controlled by a water circulator (Isotemp 6200 R20F, Fisher Scientific, Inc., 
Pittsburgh, PA). The flux and rejection was calculated with equation (2) and equation (3), 
respectively. 
pV
J
A t

                                                             
(2) 
1 100
p
f
C
R
C
 
    
                                                    
(3) 
where J is the water flux (L/m2h), Vp is the permeate volume (L), A is the membrane area 
(m2) and t is the treatment time (hr). R is the rejection ratio and Cp and Cf are the 
conductivities of permeate and feed solution, respectively. 
2.3  Results and discussion 
2.3.1 Characterization of synthesized NPs 
The small-angle XRD patterns of spherical silica and MCM-41 NPs are presented in 
Fig. 2.2. MCM-41 NPs showed four well-resolved peaks at 2θ of 2.1°, 3.8°, 4.4° and 
5.8°. These peaks were indexed as (100), (110), (200) and (210), respectively, consistent 
with the hexagonal lattice symmetry of MCM-41 structure [19-20]. The repeat distance 
(a0) between two pore centers in MCM-41 NPs can be calculated (hexagonal a0 = 
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2d100/√3) [20]. From the result of XRD, d100 for this sample is 4.203 nm, so a0 is about 
4.85 nm. After subtracting pore wall thickness which is approximately 1 nm [22], the 
pore diameter of synthesized MCM-41NPs is about 3.85 nm. The BET analysis showed 
that MCM-41 NPs had a much large surface area (949.4 m2/g) when compared to 
spherical silica NPs (72.7 m2/g). The pore size inside MCM-41 is around 3.03 nm while 
there is no internal pore inside the spherical silica NPs, which is consistent with the result 
of XRD. 
 
 
Fig. 2.2 XRD patterns (a) and N2 adsorption/desorption isotherm & pore size distribution (b) of 
NPs. 
Both SEM (Fig. 2.3a) and TEM (Fig. 2.3b) micrographs demonstrated that MCM-41 
NPs had near spherical shape. The size of particle was about 100 nm. Highly ordered 
hexagonal array and streak structure were detected inside particles. TEM image of 
spherical silica NPs (Fig. 2.3c) also showed a uniform spherical shape with an average 
particle size around 100 nm, but without internal pores. This was also consistent with the 
small-angle XRD pattern of spherical silica NPs that showed no peaks in the range from 
0.8° to 10°of 2θ (Fig. 2.2a).  
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Fig. 2.3 Microscopic images of nanofillers: (a) SEM image and (b) TEM image of porous MCM-
41NPs; and (c) TEM image of non-porous spherical silica NPs. 
2.3.2 Characterization of TFN membranes 
The ATR FT-IR spectra of PSU support layer, TFC and M-TFN membranes are 
shown in Fig. 2.4. For the PSU support layer (Fig. 2.4a), peaks at 1590 cm-1and 1488 cm-
1 could be assigned to aromatic C-C stretching, 1325 cm-1 and 1298 cm-1 to the doublet 
from the asymmetric O=S=O stretching of sulfone group, 1245 cm-1 to the asymmetric C-
O-C stretching of aryl ether group and 1150 cm-1 to the symmetric O=S=O stretching of 
sulfone group, all existing in the PSU cross-linking polymerization [23, 24]. PA thin-film 
layer was coated on the PSU support layer following the IP process, and several new 
peaks appeared on the spectrum (Fig. 2.4b). Peaks at 1660 cm-1 (amide I, C=O stretching 
vibrations of amide), 1547 cm-1 (amide II, in-plane N-H bending and C-N stretching 
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vibrations), 1610 cm-1 (N-H stretching of amide) and 1450 cm-1 (C=O stretching and O-H 
bending of carboxylic acid) were originated from the PA polymerization and consisted 
with amide functionalities [15, 24, 25]. Besides these peaks from PA thin-film layer, the 
peak between 1040 and 1080 cm-1 derived from the asymmetric vibration of Si-O-Si [14] 
increased with increasing concentrations of MCM-41 NPs from 0.05 wt% to 0.1 wt%. To 
further explore the spectral change due to the NPs, we prepared a membrane with a 
relatively high loading (0.5 wt%) and its spectrum is presented as Fig. 2.4e. Except for 
the obvious peak located around 1040-1080 cm-1, a small peak around 950 cm-1 appeared, 
which could be attributed to the stretching vibration of Si-OH [26]. This result verified 
the existence of MCM-41 NPs in the membrane after the interfacial polymerization 
process. No other new peaks were observed after this increase in NPs loading, suggesting 
that there is no strong chemical bonding between the NPs and polymer functional groups. 
 
Fig. 2.4 ATR FT-IR spectra of (a) PSU support layer; (b) TFC (without NPs); (c) M-TFN-0.05; (d) 
M-TFN-0.1; and (e) M-TFN-0.5 membrane. 
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The SEM surface morphologies of the PSU support layer, TFC, M-TFN-0.01 and 
M-TFN-0.05 membranes are shown in Fig. 2.5. The PSU support layer was porous with a 
pore size of 23.2 ± 8.4 nm, based on the calculation by the software ImageJ from a total 
of 1438 pore counts. After the IP process, PA thin-film layer coated on the PSU support 
layer by the reaction between MPD and TMC and resulted a leaf-like morphology (Fig. 
2.5b-d). The impregnation of MCM-41 NPs did not affect the overall morphology of 
thin-film layer in the tested concentration range, but partial aggregation of MCM-41 NPs 
was observed in samples with higher concentrations (indicated by white circle in Fig. 
2.5d).  
  
Fig. 2.5 SEM images of membrane surface morphologies: (a) PSU support layer; (b) TFC; (c) M-
TFN-0.01; and (d) M-TFN-0.05. All scales were represented in 2 μm. 
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TEM images of the cross-sections of TFC and M-TFN-0.05 membranes (Fig. 2.6) 
indicated that the PA thin-film layer in both membranes had a thickness between 300 and 
500 nm. The leaf-like structure of PA thin-film layer was consistent with the SEM 
observation (Fig. 2.5). The dark spots appeared in the PA thin-film layer of M-TFN 
membrane (Fig. 2.6b) indicated the presence of MCM-41 NPs. And aggregation of the 
MCM-41 NPs could be detected on the surface of thin-film layer in the TEM cross-
sectional image. 
     
  
Fig. 2.6 TEM images of the cross-section of (a) TFC membrane; and (b) M-TFN-0.05 membrane. 
As presented in Fig. 2.7a, the contact angle of M-TFN membranes decreased from 
57.1 ± 2.7° to 27.9 ± 1.3°, while contact angle of S-TFN membranes decreased from 57.1 
± 2.7° to 30.6 ± 1.4° with increasing NPs concentrations from 0 to 0.1 wt%. The contact 
angle was decreased to 28.8 ± 1.6° when the concentration of MCM-41 NPs was 
increased to 0.05 wt%, then leveled off with further increases of the NPs concentration.  
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The decrease of the contact angles in the presence of the embedded NPs could be 
caused by two reasons. First, the NPs may hydrate and release heat when contacting with 
MPD aqueous solution [13]. This process may affect the IP reaction between MPD and 
TMC, and subsequently the chemical structure of the PA thin-film. If more number of the 
acyl chloride groups in TMC remained on the surface without reaction with amine 
groups, the hydrolysis of acyl chloride could generate carboxylic acid functional groups; 
thus, surface hydrophilicity increased [9]. Second, the embedded spherical silica or 
MCM-41 NPs can be exposed on the membrane surface. Therefore, the membrane 
surface hydrophilicity may increase because of the hydrophilic properties of these two 
NPs. Embedding with porous MCM-41 NPs, the membrane surface could even become 
more hydrophilic due to the capability of the hydrophilic pores to imbibe water via 
capillary effects [27]. This is consistent with the result by Jeong et al. [12], who observed 
that the contact angle of membrane surface decreased with increasing Zeolite 
concentration and attributed this to the super-hydrophilic property of Zeolite.  
 
Fig. 2.7 (a) Pure water contact angles (M-TFN and S-TFN) and RMS roughness of M-TFN 
membranes; and (b) 3D AFM images of PSU support layer, TFC and M-TFN-0.05 membrane. 
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AFM was used to further analyze the morphology of membrane surface. As shown 
in Fig. 2.7b, the original PSU support layer was relatively smooth with RMS roughness 
of 6.8 ± 0.1 nm. The TFC membrane showed much higher surface roughness (135.5 ± 6.8 
nm) due to the leaf-like shape of the PA thin-film layer, consistent with the SEM 
observation (Fig. 2.5). The RMS value increased to 159.8 ± 3.3 nm in the M-TFN-0.05 
membrane, which could be caused by the aggregation of MCM-41 NPs on the membrane 
surface.  
The ζ potentials of membrane surfaces were calculated from the tangential steaming 
potential measurements and presented in Fig. 2.8. The ζ potential of PA TFC membrane 
(0 wt% loading concentration) is -5.7 ± 0.4 mV. This is similar to the results of other 
researchers, where the number is -2.5 mV at pH 5.8 [12] and -8.77 mV at pH 6.0 [28]. 
With increasing MCM-41 NPs concentration from 0 to 0.1 wt%, the ζ potential decreased 
to -9.54 ± 0.68 mV. According to the isoelectric point (IEP, pH 3.6 ± 0.18) of MCM-41 
NPs [29], MCM-41 NPs carried negative charge at pH 5.8. And some embedded NPs 
may be exposed to the membrane surface as discussed above (Fig. 2.5 and 2.6). The 
surface NPs in direct contact with the electrolyte may exert additional negative charge on 
the surface.  
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Fig. 2.8 ζ potential of PSU support layer, TFC and M-TFN membranes. 
 
2.3.3 Membrane permeability and salt rejection 
Permeate flux from 2000 mg/L NaCl solution and salt rejections of the TFC and 
TFN membranes were measured at 300 psi of TMP (Fig. 2.9). TFC membrane rejected 
NaCl and Na2SO4 of 98.1 ± 0.5% and 98.6 ± 0.3%, respectively, which was greatly 
higher than the salt rejections of the PSU support layer (less than 2%, data not shown). 
Apparently the nano-porous structure of PSU support layer did not allow significant salt 
rejection. Following the IP process, these nano-pores were covered by a PA thin-film 
layer, which acted as a dense barrier to reject salt ions.  
For the M-TFN membranes, the permeate flux increased from 28.5 ± 1.0 L/m2h to 
46.6 ± 1.1 L/m2h (a 63.5% increase) with increasing MCM-41NPs concentration from 0 
to 0.1 wt%. It can be caused by the increase of membrane hydrophilicity since the high 
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membrane. Additionally, the NPs embedded in PA thin-film layer can change the cross-
linking condition of the polymer matrix through creating microporous defects between 
inorganic NPs and polymer interface or enhancing the miscibility of the aqueous and 
organic phases by releasing heat during the polymerization process to increase water 
permeability [12, 13]. Moreover, the internal pores of MCM-41 NPs could enhance the 
water permeability by providing short flow paths for water molecules.  
Clearly, the membrane prepared by using 0.05 wt% of MCM-41 NPs was 
considered optimal, because the water flux increased up to this point and then leveled off 
with further concentration increases. The leveling-off effect might be caused by the 
aggregation of MCM-41 NPs, which could occur more easily at a higher concentration. 
The aggregation could disturb the dispersion of NPs in the thin-film layer, similar to what 
was observed with ordered mesoporous carbon (OMC) [30], where the aggregation of 
filler, less water uptakes and permeable fluxes were detected with higher loadings of 
filler in thin-film layer.  
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Fig. 2.9 Membrane water flux and salt rejection of (a) M-TFN; (b) Ṁ-TFN (NPs were removed 
before the IP reaction); and (c) S-TFN. The experiments were performed on 300 psi of TMP at 
25 °C. 
To explore the origin of increased water flux in the TFN membranes, membranes in 
which MCM-41 NPs were removed from the TMC-hexane solution before the IP process 
were fabricated and evaluated. The separation of NPs from hexane solution was 
accomplished by settling for 30 mins and filtration through 0.1 µm Nylon syringe filter 
(Whatman). The results, as presented in Fig. 2.9b, showed that the high water flux 
observed in the M-TFN membranes disappeared when the MCM-41 NPs were prevented 
from entering the thin-film layer. The constant water fluxes and salt rejections on 
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different conditions eliminate our concern about the potential effects of MCM-41 NPs on 
the chemical nature of TMC in the hexane solution, and indicated that the chemical 
nature of TMC monomer was not changed to affect the water flux. Therefore, the MCM-
41 NPs must be the critical component of the M-TFN membranes that contributed to the 
enhanced water flux.  
To further investigate the contribution of internal pores of filler, the TFN membrane 
fabricated with spherical silica NPs without internal pores (S-TFN) was prepared and 
evaluated. As shown in Fig. 2.9c, the permeate water flux of S-TFN membranes 
increased with increasing NPs concentration (28.5 ± 1.0 L/m2h to 35.8 ± 0.9 L/m2h); 
however, the increased ratio (25.6%) was lower than that of M-TFN membranes (63.5%). 
M-TFN and S-TFN membranes had the similar NPs chemical property, loading and 
hydrophilicity; therefore, the flux differences between these two membranes elucidate the 
important role of internal pores to the increase of water flux, probably by providing short 
flow paths for water molecules during the filtration process. 
The salt rejections of M-TFN and S-TFN membranes changed little with the 
increase NPs concentrations (Fig. 2.9). The salt rejections of M-TFN were all above 
97.5% for NaCl and 98.5% for Na2SO4, while those of S-TFN were maintained above 
97% and 98.5% for NaCl and Na2SO4, respectively. Na2SO4 was better rejected than 
NaCl, which is likely due to the combined actions of electrostatic repulsion and size 
sieving processes [31]. Negatively charged membranes have a stronger repulsive force to 
the divalent SO4
2- than to the monovalent Cl-, and tested membranes were negatively 
charged under the applied pH of 5.8. Furthermore, the radius of hydrated SO4
2- ions (3.00 
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Å) is larger than that of hydrated Cl- ions (1.95 Å) [32]. Therefore, SO4
2- ions face more 
resistance than Cl- ions when penetrating through the membrane. 
2.3.4 Mechanisms for the enhanced water flux in M-TFN membranes 
A conceptual representation of the proposed mechanisms for the enhanced water 
flux in the M-TFN membranes are shown in Fig. 2.10. In this model, layer (a) denotes the 
porous PSU support layer, layer (b) shows the ridge-valley structure of the PA thin-film 
with MCM-41 NPs inside it, and layer (c) stands for the feed solution containing 
electrolytes such as NaCl. 
 
Fig. 2.10 Schematic illustration of hypothesized mechanism of MCM-41 NPs enhanced TFN 
membrane. 
Based on the solution-diffusion theory which was widely used to explain the mass 
transport in the PA TFC membrane [5, 33], an increase in hydrophilicity of the M-TFN 
membranes could facilitate water solubilization and diffusion through the membrane, 
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thus improve water permeability [34]. Besides the hydrophilicity, the cross-linking 
condition and thickness of thin-film layer are also important factors controlling the water 
permeability and salt rejection [8]. In general, lower degree of cross-linking and thinner 
thickness of thin-film layer result in higher water permeability. Embedding the inorganic 
MCM-41 NPs in the PA polymer could simultaneously reduce the cross-linking in the 
thin-film layer and provide additional short paths for water flow through the hydrophilic 
ordered porous structure; therefore, water can penetrate the thin-film layer more quickly. 
With the non-porous silica NPs, the reduction in polymer cross-linking could still occur 
but there will be no water permeation through internal structures of NPs; therefore, while 
the observed water flux in the S-TFN is higher than the conventional thin-film composite, 
it is less than that in the M-TFN. 
It should be noted that the enhancement of water flux observed in M-TFN 
membranes does not compromise the membrane’s ability for salt rejection. Apparently 
should the introduced NPs have reduced the polymer cross-linking, the degree of the 
effect had not ruined the integrity of the PA thin-film layer. An alternative explanation is 
that the increased negative charge of M-TFN membrane caused by MCM-41 NPs (Fig. 8) 
has contributed to salt rejection by the electrical repulsion or Donnan exclusion [35]; 
thus, the level of salt rejection can be maintained.  
2.4  Conclusions 
A novel MCM-41 NPs enhanced TFN membrane was prepared in the present study 
by an in situ IP process using aqueous MPD and organic TMC-NPs mixture solutions. 
The NPs loadings were varied from 0 to 0.1 wt. %. A good dispersion of MCM-41 NPs 
occurred in the PA thin-film layer, as indicated by the TEM and ATR FT-IR results. With 
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an increasing concentration of MCM-41 NPs, hydrophilicity, roughness and zeta 
potential of the M-TFN membranes all increased. The resultant increase in the permeate 
water flux was from 28.5 ± 1.0 L/m2h to 46.6 ± 1.1 L/m2h while the salt rejections were 
maintained essentially the same (97.9 ± 0.3 % for NaCl and 98.5 ± 0.2 % for Na2SO4). 
Compared with S-TFN membranes, M-TFN membranes showed enhanced permeability, 
suggesting that the short flow paths through the hydrophilic porous structure of MCM-41 
NPs had played a role in water permeation. It is expected that the high hydrophilicity and 
negative charge of M-TFN membrane introduced by MCM-41 NPs could improve the 
membrane’s resistance to fouling, although additional work is needed to verify this point. 
Overall, MCM-41 silica NPs, with tunable mesopores, is a good filler to make the high 
performance mixed matrix PA TFN membrane. Optimizing conditions further for the M-
TFN membrane preparation could result in membranes with significantly higher water 
permeability and high salt rejection. 
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Fig. 2.1s Phase inversion process for support layer fabrication 
 
 
Fig. 2.2s Interfacial polymerization process for TFN membrane fabrication 
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CHAPTER THREE 
Attachment of silver nanoparticles (AgNPs) onto thin-film composite 
(TFC) membranes through covalent bonding to reduce membrane 
biofouling 
Abstract 
Membrane biofouling has a negative impact on the membrane treatment 
performance. Silver nanoparticles (AgNPs) are well-known antimicrobial agent. Herein, 
AgNPs with approximately 15 nm in diameter were effectively attached to the surface of 
polyamide (PA) thin-film composite (TFC) membrane via covalent bonding, with 
cysteamine as a bridging agent. Scanning electron microscopy (SEM), energy dispersive 
X-ray spectroscopy (EDS) and cross-sectional transmission electron microscopy (TEM) 
studies all showed the immobilization of AgNPs. Compared with the pristine TFC 
membrane, thiol-terminated membrane (TFC-SH) and AgNPs grafted membrane (TFC-
S-AgNPs) both showed a higher water flux with slightly lower salt rejection. At a 
constant transmenbrane pressure of 300 psi, the water permeability of TFC-SH, TFC-S-
AgNPs, and control TFC membranes was 70.6 ± 0.5, 69.4 ± 0.3, and 49.8 ± 1.7 L/m2h, 
respectively, while NaCl rejection was 93.4 ± 0.1%, 93.6 ± 0.2%, and 95.9 ± 0.6%, 
respectively. TFC-S-AgNPs had an improved antibacterial ability to inhibit E. coli 
growth. The silver leaching from the TFC-S-AgNPs membrane surfaces was minimal, as 
tested by both batch and flow-through methods. The result successfully demonstrated that 
AgNPs could be grafted onto TFC via chemical bonding, leading towards the 
development of an advanced functional TFC membrane with anti-biofouling properties. 
Keywords: Silver nanoparticles; Thiol group; Polyamide; Thin-film composite; Covalent 
bonding; Anti-biofouling 
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3.1  Introduction 
Membrane biofouling due to the microbial growth and biofilm formation is one of 
the most challenging issues in membrane separation processes [1].  Even when treated 
with disinfectants such as chlorine, some bacteria could still survive and migrate to the 
membrane surface and multiply [1, 2]. Besides, the use of chlorine may result in 
formation of harmful disinfection byproducts and chlorine itself could accelerate 
degradation of polyamide TFC membranes [3, 4]. In addition to biofouling that could 
decrease the membrane efficiency, the demand for pathogen-free clean water [5] is 
another driving force for the development of membranes with antimicrobial properties. 
Silver ions and silver-based compounds have excellent biocidal properties and are 
widely used to prepare antimicrobial plastics, coatings, and wound and burn dressings, 
etc. [6, 7]. To improve polymeric membrane’s anti-biofouling property, many researchers 
introduced silver into membrane matrix. For example, Zodrow et al. [8] impregnated 
AgNPs into polysulfone (PSU) matrix to improve biofouling resistance and virus 
removal, and Chou et al. [9] introduced AgNPs into cellulose acetate matrix for anti-
bacterial applications. However, the AgNPs inside the bulk matrixes have weak 
resistance to washing and can be easily released in the form of Ag+ ions, so the 
membranes quickly lost their antimicrobial function [8-10].  
Recently, efforts have been devoted to developing more effective methods to 
immobilize AgNPs into the membrane’s barrier layer or graft them onto membrane 
surface through covalent bond formation. Lee et al. [3] and Kim et al. [11] immobilized 
AgNPs into the polyamide (PA) thin-film layer to improve antifouling properties of TFC 
membrane. Cao et al. [12] introduced AgNPs on the surface of sulfonated 
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polyethersulfone membrane by using vitamin C as a reducing agent. Gunawan et al. [5] 
used polyethylene glycol-grafted multiwalled carbon naotubes (MWNTs) as a connecting 
structure between AgNPs and hollow fiber membrane surface. In their study, AgNPs 
were firstly coated with MWNTs to prepare Ag/MWNTs, and then Ag/MWNTs were 
covalently bonded to the external surface of a chemically modified PAN hollow fiber 
membrane. In another study [13], AgNPs coated with positively charged 
polyethyleneimine (PEI) were immobilized in an oxygen plasma-modified PSU 
ultrafiltration (UF) membrane. These findings suggest that it is important to have the 
AgNPs located at the feed interface of membrane to allow a direct contact between silver 
and bacterial cells for best antimicrobial performance. To improve the durability of 
silver-containing membrane and simultaneously reduce the potential risks of releasing 
AgNPs and Ag+ ions at high load to the environment [14, 15], one approach is to 
chemically immobilize AgNPs on the membrane surface with slow silver release and 
long anti-biofouling characteristics.   
In this study, the surface of freshly fabricated TFC membrane was first thiol-
derivatized by reacting with NH2-(CH2)2-SH in ethanol solution, and then the freshly 
synthesized AgNPs were attached onto the membrane surface via the Ag-S chemical 
bonding. The membrane surface and cross-sectional characteristics were examined by 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), and 
surface chemistry was investigated using energy dispersive X-ray spectroscopy (EDS), 
attenuated total reflectance Fourier transform infrared (ATR FT-IR) spectroscopy, and 
Raman spectroscopy. We also assessed the membrane performance including water flux 
and salt rejection, Ag+ ion release in both batch and flow-through dissolution tests, and 
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antibacterial properties of the membranes by using Gram-negative bacteria, E. Coli as a 
model organism. 
 
3.2  Materials and methods 
3.2.1 Materials  
All chemicals were of ACS reagent grades, obtained from Sigma-Aldrich (silver 
nitrate (AgNO3), sodium borohydride (NaBH4), polyvinylpyrrolidone (PVP40), 
polysulfone (MW = 35,000), N, N-dimethylformamide (DMF, 99.8%), m-
phenylenediamine (MPD, >99%), trimesoyl chloride (TMC, >98.5%), and cysteamine 
(H2N-(CH2)2-SH, ≥98.0%)). Deionized (DI) water, obtained from a Milli-Q ultrapure 
water purification system (Synergy 185, 18.2 MΩ·cm, EMD Millipore Corp., Billerica, 
MA), was used for solution preparation and filtration study. 
3.2.2 Synthesis and characterization of AgNPs  
To synthesize AgNPs, a method modified from our previous work was applied here 
[16]. An aliquot (50 ml) of 14 mM sodium borohydride (NaBH4) solution was mixed 
with 900 ml of 0.06 wt% PVP40 water solution, and then 50 ml of 14 mM silver nitrate 
(AgNO3) solution was rapidly injected into the vigorously stirred solution (500 rpm) at 
room temperature (22°C). TEM (JEOL 1400, JEOL Ltd., Peabody, MA) coupled with a 
submicron particle size analyzer (DelsaTM Nano HC, Beckman Coulter, Inc., Brea, CA) 
was used to determine the morphology and size distribution of the freshly synthesized 
AgNPs. TEM samples of AgNPs were prepared by dropping the AgNPs solution onto 
carbon coated copper grid and drying at the room temperature.  
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3.2.3 Preparation of TFC and TFC-S-AgNPs membrane 
The PSU support layer was fabricated by the phase inversion method using a 15 
wt% PSU-DMF casting solution. The casting solution was stirred at 50 °C for 6 h, and 
kept overnight for degassing. The clear solution was spread on a glass plate and casted by 
casting knife (EQ-Se-KTQ-150, MTI Corp., Richmond, CA) to approximately 100 µm of 
film thickness. Then, glass plate was immediately immersed into a water bath (25 °C). 
The precipitated PSU support membrane was washed and stored in DI water for at least 
24 h before use. For TFC membrane fabrication, the prepared PSU support layer was 
attached to a small glass plate with tape around the edge, and then immersed in a 2.0 wt% 
MPD-water solution for 3 min. Excess solution on the surface was removed by a rubber 
roller. Next, the MPD saturated PSU support layer was soaked in a 0.15 wt% of TMC-
hexane solution for 30 seconds, resulting in the formation of a polyamide (PA) thin-film 
layer. The TFC membranes were rinsed with pure hexane and then ethanol before the 
surface grafting.  
To prevent hydrolysis of acyl chlorides, a newly fabricated TFC membrane sample 
(10 cm2) was immediately immersed in a H2N-(CH2)2-SH ethanol solution (20 mM, 50 
ml) for various time durations (3, 6, 24 h). And then the membrane sample (labeled as 
TFC-SH) was moved out from the ethanol solution, rinsed with pure ethanol and DI 
water, and incubated with the PA active layer in contact with an AgNPs suspension (0.1 
mM, 50 ml) for 12 h. Finally, the membrane sample (labeled as TFC-S-AgNPs) was 
rinsed with DI water and stored in DI water at 4 °C before use. 
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Fig. 3.1 Schematic diagram of immobilization of AgNPs onto the surface of PA TFC membrane. 
3.2.4 Membrane characterization and performance assessment 
SEM and EDS analysis of membrane surface was conducted using a piece of 
membrane dried at room temperature. To obtain the TEM cross-section, the membranes 
were embedded in Epon resin (Eponate 12, Ted Pella, Inc., Redding, CA) and cut by 
Reichert-Jung Ultracut E ultramicrotome (Reichert, Inc. Depew, NY). The images were 
taken under 80 kV by using JEM 1400. Hydrophilicity of membrane surface was assessed 
according to the pure water contact angle, which was measured by the sessile drop 
method on a video contact angle system (VCA-2500 XE, AST products, Billerica, MA). 
At least six stabilized contact angles from different locations of each sample were 
obtained to calculate an averaged value of contact angles. The functional groups of 
membrane surface were identified by ATR FT-IR spectroscopy, which was conducted on 
the Nicolet 4700 FT-IR (Thermo Electron Corp., Waltham, MA) equipped with multi-
reflection Smart Performer® ATR accessory. All spectra included the wave numbers 
from 500 to 4000 cm-1 with 128 scans at a resolution of 1.0 cm-1. An Invia Renishaw 
spectrometer system (RM1000 series, Gloucestershire, UK) equipped with a Leica 
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DMLB microscope (Wetzlar, Germany) and 514.5 nm laser line was used to detect the 
thiol group on membrane surface.  
A high pressure cross-flow filtration system was used to evaluate pure water flux 
and solute rejection, as described in our previous work [17]. Prior to test, each membrane 
(9.6 cm2 of effective area) was compressed by DI water at 300 psi for 3 h. Pure water flux 
was measured by the weight of permeate water at a constant transmembrane pressure 
(TMP). The weight of the permeate water was recorded by a LabVIEW automated 
system (National Instruments LabVIEW 8.2 with Ohaus digital balance). After the flux 
test, NaCl salt solution of 2,000 mg/L was added and the conductivity of feed and 
permeate solutions was measured by a conductivity/TDS meter (HACH Company, 
Loveland, CO). The test was conducted at 25 ± 1 °C, controlled by a water circulator 
(Isotemp 6200 R20F, Fisher Scientific, Inc., Pittsburgh, PA). The flux and rejection was 
calculated with Equation (1) and Equation (2), respectively. 
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
                                                              
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1 100
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C
 
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(2) 
where J is the water flux (L/m2h), Vp the permeate volume (L), A the membrane area 
(m2), t the treatment time (h), R the rejection ratio, and Cp and Cf the conductivities of 
permeate and feed solution, respectively. 
Releases of silver ions from the functionalized membranes were assessed via both 
batch and flow-through experiments. In the batch test, membrane samples were incubated 
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in DI water (the ratio is 1 cm2 membrane sample : 20 ml DI water) placed on an orbital 
shaker (4516, Forma Scientific, Inc., Marietta, OH) under 100 rpm and the water was 
replaced every 24 h. All water samples were collected and acidified by 1% HNO3 and 
analyzed by an atomic absorption spectrophotometer (AA, model 210 VGP + 220 GF, 
Buck Scientific, Inc., East Norwalk, CT). The silver release rate under the flow-through 
condition was assessed by driving DI water through the membrane at a constant TMP of 
300 psi, and permeate was collected as a function of time and analyzed for the released 
silver concentration by AA. 
3.2.5 Antibacterial Assessment 
E. coli MG1655 (ATCC 47076) was inoculated into liquid culture of Lysogeny 
broth (LB, 20g/L) and incubated in an Isotemp incubator (Fisher Scientific, Inc., 
Pittsburgh, PA) with shaking at 150 rpm overnight under 37 ˚C. This culture was then 
centrifuged for 10 min at 2700 rpm. After decanting the supernatant, the pellet was 
resuspended in LB solution. The resulting bacterial culture was centrifuged again, 
followed by resuspension of the pellet in LB solution. The resulting cell suspension 
served as a bacterial stock solution, which was further diluted to approximately 105 
colony-forming units (CFU)/ml before use. Studies of the antibacterial properties of 
membrane samples, disk experiment, SEM investigation and biofilm growth test were 
carried out as detailed below. 
In the disk experiment, aliquots (50 µL) of E. coli working solutions were spread, in 
triplicate, onto plates of nutrient agar. Membrane samples (diameter 1 cm and 3.7 cm) 
were then placed onto the nutrient agar plate with the active layer in contact with the agar 
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surface. After incubation at 37 °C for 24 h, the colony forming cells under the membrane 
samples were examined. 
During SEM investigation, membrane samples with size of 5 cm2 were immersed in 
25 mL of E. coli suspension (1.0 × 105 CFU/mL) with shaking at 150 rpm for 5 h at room 
temperature. Then, the bacteria were fixed in 3 vol.% glutaraldehyde PBS solution for 5 h 
at 4 °C and rinsed with PBS solution several times to remove any remaining 
glutaraldehyde on the surface. After fixation, the samples were dehydrated with an 
ethanol series (25, 50, 75 and 100%), air-dried, and coated with platinum (20 mA, 30 s) 
using sputter coater for SEM observation. 
Furthermore, a biofilm growth test was carried out to examine the anti-biofouling 
properties of membranes on a drip flow biofilm reactor (DFR110, Biosurface 
Technologies Co., Bozeman, MT). First, membrane samples (2.5 cm × 6.0 cm) were 
attached on a glass plate with active layer facing up and immerged into 25 mL of E. coli 
suspension (1.0 × 105 CFU/mL) for 5 h. Then the membrane samples were moved from 
the suspension and gently rinsed with PBS solution for three times. The membranes were 
transferred into different test chambers and feed with LB solution (5 g/L) at 1.0 ml/min 
for 7 days. Finally, the growth of biofilm on membrane surface was examined. 
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3.3  Results and discussion 
3.3.1 AgNPs Characteristics 
As shown by the TEM image in Fig. 3.2a, AgNPs were well dispersed and of 
spherical morphology. The average diameter was 14.8 nm based on the calculation by the 
software ImageJ from a total of 171 particles. The absorption spectra of the AgNPs 
solution (Fig. 3.2b) showed a well-defined plasmon band at about 400 nm, characteristic 
of nanosized silver [18]. And the intensity of this peak increased proportionally with 
increasing AgNPs concentration. The particle size distribution was given in the upper 
right corner of Fig. 3.2b, and the average diameter of 15.3 ± 4.8 nm was consistent with 
that from the TEM analysis. 
 
Fig. 3.2 TEM image of AgNPs (a) and UV-vis absorption spectrum & size distribution of AgNPs 
suspension (b). 
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3.3.2 Membrane properties 
The photos of original, thiol modified and silver immobilized TFC membranes are 
showed in Fig. 3.3a. After reaction with AgNPs suspension, the originally white-colored 
thiol-modified TFC membrane became yellowish, indicating the immobilization of 
AgNPs on the membrane surface. Based on the SEM images as shown in Fig. 3.3(b-e), 
all of these membrane surfaces had a “ridge and valley” structure characteristic of the PA 
thin-film layer [19, 20]. There were no obvious differences among these membranes. Fig. 
3.3f showed the SEM morphology of TFC-S-AgNPs membrane after it was used in 
filtration for 72 h under 300 psi. The “ridge and valley” structure was apparently 
flattened, which could be attributed to the compaction under the pressure.  
Fig. 3.3 Picture of membrane samples (a) and surface morphologies of pristine TFC (b), TFC-SH 
6 h (c), TFC-SH 24 h (d), TFC-S-AgNPs (e) and TFC-S-AgNPs (after 72 h filtration) membrane 
(f). The scale bar in each SEM image is 3 µm. 
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Fig. 3.4 High magnification SEM image and EDS spectra of TFC-S-AgNPs surface before 
filtration (a) and after 72 h filtration (b). Four spots were randomly chosen and labeled by 
numbers. The scale bar in each SEM image is 500 nm. Two higher magnification images were 
inserted in the upper right corner of the original images. 
The high resolution SEM images showed spherical particles located on the 
membrane surface, both before (Fig. 3.4a) and after (Fig. 3.4b) the filtration test. The 
particles ranged from 10 to 20 nm in diameter, about the same size with that of AgNPs. 
Furthermore, the EDS spectra of four spots located on membrane surface (Fig. 3.4) 
showed the presence of silver, confirming the attachment of AgNPs on the membrane 
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surface. The weight percentage of silver at those four spots is 5.12%, 24.78%, 4.15% and 
8.47%, respectively. The amount of AgNPs attached to the TFC-S-AgNPs surface was 
further measured through acid leaching and AA analysis. The leaching test showed that 
there was 15.5 ± 2.6 µg of AgNPs that could be leached out on every square centimeter 
of membrane surface, corresponding to approximately 0.7% of the total mass of a 
membrane sample. Clearly this value is lower than the result from the EDS analysis. 
Considering the limited penetration depth of primary electrons in EDS (in the order of 2 
µm for a carbon sample at an acceleration voltage of 20 kV [21]) and accumulation of 
AgNPs that occurred primarily on the membrane surface, it was reasonable to observe a 
higher amount of silver in EDS analysis than that by the leaching test.  
Cross-sectional TEM images provided more detailed information about the 
distribution of AgNPs on membrane surfaces (Fig. 3.5). The images clearly delineated 
the ‘ridge and valley’ structure of the PA thin-film layer of a thickness between 100 to 
200 nm, located on the porous PSU support layer. A comparison between TFC and TFC-
S-AgNPs indicated the presence of AgNPs on the surface of PA thin-film layer as dark 
spots, consistent with the SEM image and EDS data for the TFC-S-AgNPs membrane. It 
appeared that the amount of AgNPs remained the same on the TFC-S-AgNPs surface 
after 72 h of filtration test (Fig. 3.5e and 3.5f), suggesting a strong attachment of the 
AgNPs on the membrane surface. Similar to the SEM results, the TEM images showed a 
denser and smoother surface after the membrane was used for filtration due to 
compaction. 
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Fig. 3.5 TEM images of the cross-sections of (a,b) TFC membrane; (c,d) TFC-S-AgNPs 
membrane; (e,f) TFC-S-AgNPs membrane after 72 h filtration. Dark spots located on 
functionalized membrane surface are AgNPs. 
FT-IR spectra of various membrane surfaces are shown in Fig. 3.6. Peaks originated 
from the PA polymerization included 1660 cm-1 (amide I, C=O stretching vibrations of 
amide), 1547 cm-1 (amide II, in-plane N-H bending and C-N stretching vibrations), 1610 
cm-1 (N-H stretching of amide), and 1450 cm-1 (C=O stretching and O-H bending of 
carboxylic acid) [22-24]. The peak at 768 cm-1 could be due to the C-Cl stretching [25]. 
After reaction between C-Cl and H2N-(CH2)2-SH, the intensity of this peak decreased. 
However, the characteristic peak of S-H stretching located near 2540-2560 cm-1 [26-28] 
didn’t show up. This could be caused by two reasons: i) the low sensitivity of thiol group 
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in FT-IR due to the high polarizability of sulphur [27]; and ii) the small amounts of thiol 
group on membrane surface. 
 
Fig. 3.6 Spectrum analysis of membrane surface: (a) ATR FT-IR; (b) Raman. 
Thiol group is highly polarizable and could produce a stronger Raman spectral 
activity than the infrared spectrum [29], so we explored to detect the thiol group on the 
membrane surface by Raman spectroscopy. As shown in Fig. 3.6b, both TFC-SH and 
TFC-S-AgNPs had a peak around 2580 cm-1 but not for the original TFC membrane, 
suggesting the existence of thiol group on the membrane surface [30]. 
In comparison with the original TFC membrane with a water contact angle of 56.7 ± 
2.2º , the contact angles of membrane with grafted NH2-(CH2)2-SH were essentially the 
same (Fig. 3.7), suggesting the existence of thiol groups on membrane surface did not 
significantly change the surface hydrophilicity. After grafting AgNPs, however, the 
contact angle decreased to 32.9 ± 0.7º (before filtration) and 32.2 ± 2.4º (after filtration). 
The decrease in contact angle by the grafted AgNPs, although it was somewhat more 
significant, is generally consistent with the reports in the literature [8, 11, 31]. AgNPs 
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were accumulated on the membrane surface in this study, which could have a more direct 
effect on the surface hydrophilicity. 
 
Fig. 3.7 Water contact angles of membrane surfaces 
3.3.3 Performance of membranes for water filtration 
The pure water flux, salt rejection and permeate flux of membranes are presented in 
Fig. 3.8. At a constant TMP of 300 psi, the pure water flux increased from 67.1 L/m2h 
(original TFC) to 90.6 L/m2h (TFC-SH, 24 h) and 88.7 L/m2h (TFC-S-AgNPs). When 
feeding with a 2000 mg/L NaCl solution, the permeate flux of the original TFC, TFC-SH 
(24 h), and TFC-S-AgNPs membranes were 49.8 ± 1.7, 70.6 ± 0.5, and 69.4 ± 0.3 L/m2h, 
respectively, and NaCl rejection was 95.9 ± 0.6%, 93.4 ± 0.1%, and 93.6 ± 0.2%, 
respectively. 
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Fig. 3.8 Performance of membrane samples: (a) pure water flux; (b) NaCl rejection and solution 
flux (2,000 mg/L NaCl solution was fed under 300 psi of TMP). 
The higher water flux and slightly lower salt rejection for the TFC-SH and TFC-S-
AgNPs membranes could be due to the effects of ethanol solution used in the grafting 
process. Kulkarni et al [32] also suggested that a mild solvent such as ethanol could 
increase the water flux of TFC membranes with no loss in rejection. Ethanol could result 
in membrane swelling and removal of small molecular fragments, so a more loose 
structure can be produced but still not enough to significantly decrease salt rejection.  
3.3.4 Stability of AgNPs-containing membranes  
The release rate of silver ions from the AgNPs grafted membrane would control the 
duration of the effectiveness of grafted AgNPs, so we examined the silver release in both 
batch and flow-through experiments. As presented in Fig. 3.9a, the initial silver ion 
release from the TFC-S-AgNPs membrane was around 0.37 µg∙cm-2day-1 and then 
declined steadily with time. After 7 days, the release rate leveled off to a level below 0.1 
µg∙cm-2day-1. Based on the total amount of AgNPs on membrane surface (which was 15.5 
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± 2.6 µg/cm2), the amount leached out during 14 days of batch test accounted for only 
12% of the total amount of silver on the membrane. Considering the relatively low 
release rate of around 0.1 µg∙cm-2day-1 at the steady state, the membrane is expected to be 
effective for months for its anti-bacterial properties due to the strong covalent bonding 
between the thiol groups and AgNPs.  
 
Fig. 3.9 Silver ion release from the batch (a) and flow-through (b) tests. During the batch test, 
membrane samples were incubated in 20 ml DI water under 100 rpm and the water was replaced 
every 24 h. During the flow-through test, DI water was driven through the membrane at a 
constant TMP of 300 psi. 
In the flow-through experiment (Fig. 3.9b), silver ion concentration in the permeate 
side is very low, less than 5 µg/L in the initial 0.25 L of permeate and further decreased 
to less than 1 µg/L (detection limit) after about 2.0 L water permeating through the 
membrane. Although the last several data points were already below the detection limit 
and may not be that accurate, we still gave out the calculated number based on the 
calibration curve to show the trend of concentration change. The National Secondary 
Drinking Water Regulations for silver is 100 µg/L, so the amount of silver released from 
the membrane, if there is any, is of no health concern. The cumulative amount of Ag+ 
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ions in the 4.85 liter of permeate (5.16 µg) accounted for only 3.5 % of the total amount 
of silver in the membrane samples (9.6 cm2 × 15.5 µg/cm2 = 148.8 µg), again suggesting 
that the antimicrobial effect of AgNPs could exist for a long time.  
3.3.5 Antibacterial properties of membrane surface 
As illustrated by the disk tests with and without various membranes (Fig. 3.10), the 
original TFC and TFC-SH samples (b and c) had no significant effect on the growth of E. 
coli, while TFC-S-AgNPs (d and e) showed a clear LB surface with no evidence of 
bacterial growth.   
 
Fig. 3.10 Disk experiments for membranes of (a) control (without membrane sample); (b) TFC; 
(c) TFC-SH 24 h; (d) TFC-S-AgNPs and (e) TFC-S-AgNPs after 14-day batch release test. OD of 
membrane sample is 1.0 cm. Membranes were peeled from the nutrient agar after 24 h incubation. 
An inhibition zone (0.5 mm) around the sample d was also observed. Similarly, 
many researchers [12, 33] also found the appearance of inhibition zone around the 
substrate containing AgNPs due to the antibacterial function of AgNPs [34, 35]. AgNPs 
could inhibit the growth of microbes through multiple pathways. Firstly, AgNPs can 
release Ag+ ions, which interact with disulfide or thiol groups of enzymes or DNA and 
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then disrupt metabolic processes, generate reactive oxygen species or interrupt replication 
of DNA [36-38]. All these processes could lead to the damage or even the death of 
bacterial cells. Secondly, AgNPs can also be attached to the surface of the cell membrane 
and disturb its proper function [35, 39, 40]. These results also showed that nano-Ag could 
destabilize the outer membrane, collapse the plasma membrane potential and deplete the 
levels of intracellular ATP. Thirdly, AgNPs with smaller particle size (1-10 nm) are able 
to penetrate inside the bacteria and cause further damage by possibly interacting with 
sulfur- and phosphorus-containing compounds such as DNA [41]. However, due to the 
bigger size (15.3 ± 4.8 nm) and strong bonding between AgNPs and TFC-SH membrane 
surface, the third pathway may not be so significant in this study.  
Notably, after 14-day silver release test, TFC-S-AgNPs membrane still showed good 
inhibition capability towards E. coli, which further confirmed the good stability of 
AgNPs on membrane surface. 
Further disk experiment was carried out using real size membrane samples (OD = 
3.7 cm, using for filtration test, Fig. 3.11). Similar to the observation in Fig. 3.10, after 
removing the membrane samples, growth of bacteria was observed under the pristine 
TFC membrane, while clear LB surface was observed under the TFC-S-AgNPs 
membrane. After checking the membrane surface contacted with bacteria, it is clear that 
spot-like E. coli colonies were clearly observed on the TFC membrane surface, whereas 
the TFC-S-AgNPs membrane showed a clear and smooth surface. The easy attachment of 
E. coli on pristine TFC membrane surface suggests that PA TFC membrane surface is 
prone to biofouling and further demonstrates the necessity of surface anti-bacterial 
modification.  
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Fig. 3.11 Disk experiments: (a) area contacted with TFC; (b) TFC surface; (c) area contacted with 
TFC-S-AgNPs and (d) TFC-S-AgNPs surface. OD of membrane sample is 3.7 cm. Membranes 
were peeled from the nutrient agar after 24 h incubation. 
SEM images (Fig. 3.12) were obtained after removing membrane samples from the 
bacterial suspension. It was clear that rod-shaped E. coli bacteria with approximately 0.8 
μm in diameter and 2.0 μm in length attached on TFC membrane surface (indicated by 
white arrow in Fig. 3.12a) after 5 h contact. On the contrary, TFC-S-AgNPs membrane 
surface (Fig. 3.12b) was relatively clean and the attached cell was disrupted (magnified 
image in Fig. 3.12b) when compared with normal cell (magnified image in Fig. 3.12a). 
Gunawan et al. [5] also found the appearance of disrupted cells when they tested their 
Ag/MWNTs modified hollow fiber membrane using E. coli-containing feedwater, and 
attributed this phenomenon to the direct contact between the cells and AgNPs. So this 
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result suggested again that TFC-S-AgNPs membrane possessed excellent anti-bacterial 
properties. 
 
Fig. 3.12 SEM images of membrane surfaces submerged in an aqueous suspension of E. coli for 
5h: (a) TFC, (b) TFC-S-AgNPs. 
Furthermore, after 7-day biofilm growth test (Fig. 3.13), biofilm formation was 
observed (indicated by black arrow) on the TFC membrane surface, while the TFC-S-
AgNPs membrane surface was relatively clean and free of biofilm growth. All these 
results demonstrated that AgNPs-grafted membrane possessed excellent antibacterial 
function, which could reduce biofouling [42]. 
 
(a) (b) 
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Fig. 3.13 Difference in E. coli biofilm growth on TFC membrane and TFC-S-AgNPs membrane 
in a drip flow biofilm reactor fed with a LB solution (5 g/L) at 1.0 ml/min for 7 days at 25 ˚C. 
3.4  Conclusions 
A covalent bonding method was developed to attach silver nanoparticles (AgNPs) 
onto the surface of polyamide (PA) thin-film composite (TFC) membrane with 
cysteamine as a bridging agent. The TFC-S-AgNPs membranes showed good stability of 
immobilized AgNPs and excellent antibacterial properties, while maintaining good water 
flux and salt rejection. The results demonstrated that chemically immobilizing AgNPs 
onto membrane surface could be an effective approach to reduce membrane biofouling. 
Further research is needed to optimize the dose of AgNPs to be grafted onto the TFC 
membrane and determine its long-term performance under continuous filtration 
conditions. 
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CHAPTER FOUR 
Multi-walled carbon nanotubes (MWNTs)/polysulfone (PSU) 
nanocomposite hollow fiber membranes for enhanced water treatment 
Abstract 
Due to the carbon nanotubes’ unique one-dimensional tubular structure and superior 
mechanical and chemical properties, it has been used as fillers to prepare high 
performance flat sheet membranes. In this study, we explored if the incorporation of 
oxidized multi-walled carbon nanotubes (MWNTs) into polysulfone (PSU) hollow fiber 
membranes could enhance the membrane performance. Polyvinylpyrrolidone (PVP) was 
used as porogen and 1-methyl-2-pyrrolidinone (NMP) as the solvent in the phase 
inversion spinning process, and deionized water was used as bore fluid and coagulant. 
Purified and oxidized MWNTs in the mixed acid solution (H2SO4/HNO3 = 3/1 in volume) 
was used as filler at concentrations ranging from 0 to 1 wt%. Results indicated that at 
three different PSU concentrations (15, 18, 20 wt%), pure water flux of all membranes 
increased first and then gradually decreased with increasing nanotube concentrations. The 
optimized nanocomposite membranes showed a significant increase in pure water flux 
(60% to 100%) while maintaining a similar capability for solute rejection, and also an 
improved resistance to protein fouling. The water contact angle of the membrane 
decreased with increasing filler concentrations, suggesting an increase in the membrane 
surface hydrophilicity that might have contributed to the improved membrane 
performance.  
Keywords: Multi-walled carbon nanotubes; Nanocomposite membrane; Hollow fiber 
membrane; Phase inversion; Molecular weight cut off (MWCO); Membrane fouling 
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4.1 Introduction 
Since its discovery by Iijima in 1991 [1], carbon nanotube (CNT) has attracted much 
attention in the scientific community due to its unique one-dimensional tubular structure 
and excellent mechanical, chemical, and electronic properties. CNTs have been explored 
for many applications including nanocomposites [1, 2], energy storage [3], electronic 
devices [4, 5], nanoprobes and sensors [6], and biomedicine [7, 8].  
Recently, Gerhard and co-workers [9] reported the osmotically driven transport of 
water molecules through CNTs, suggesting an exciting opportunity of using nanotube 
networks and assemblies for high efficiency water filtration. Subsequently, many studies 
have been carried out to incorporate CNTs into polymers to make composite membrane 
for water purification. For example, Ma et al. [10] developed a new class of high flux 
thin-film nanofibrous composite (TFNC) membranes which contained oxidized MWNTs 
inside the cross-linked polyvinyl alcohol (PVA) barrier layer. They attributed the 
enhanced water flux to the formation of directional water channels through the interface 
between fillers and barrier layer matrix and the interconnections among the fine nanofiber 
network. Tiraferri et al. [11] conferred antimicrobial properties to polyamide thin-film 
composite (TFC) membranes by covalently binding cytotoxic single-walled carbon 
nanotubes (SWNTs) to their active surfaces. Their results suggested the potential of these 
membranes to delay the onset of biofouling in membrane-based separation applications. 
Zhang et al. [12] incorporated acid-treated MWNTs into polyamide layer of the thin-film 
nanocomposite (TFN) reverse osmosis (RO) membranes resulting in enhanced water 
permeability. Qiu and co-workers [13] introduced MWNTs functionalized with 
isocyanate and isophthaloyl chloride groups into PSU matrix, and found that a proper 
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amount of modified MWNTs could enhance the water flux of membrane through 
influencing the surface mean pore size and membrane porosity.  
The current researches revealed that achieving homogenous dispersion of CNTs in 
the polymer matrix through strong interfacial interactions is crucial to the successful 
development of CNT/polymer nanocomposite [14]. As a result, various chemical or 
physical modifications were applied to CNTs to improve its dispersion and compatibility 
with polymer matrix. Among these approaches acid treatment was considered most 
convenient [15], in which hydroxyl and carboxyl groups generated would concentrate on 
the ends of the CNT and at defect sites, making them more reactive and thus better 
dispersed [16, 17]. 
Previous researches on the incorporation of functionalized CNTs into composite 
membranes were mostly carried out on flat sheet membranes. Hollow fiber membranes 
(HFM), however, may have more advantages in applications because of the large 
membrane surface areas that could be packed per unit volume. Fabrication of HFM with 
CNTs could be more complex than that of flat sheet membranes because it involves rapid 
phase inversion kinetics and interfacial mass transfer [18], and there are more parameters 
to control [19] such as the dimensions of the spinneret (inner diameter, outside diameter), 
dope composition and flow rate, bore fluid composition and flow rate, length of the air gap, 
fiber take-up speed, and coupling effect of the polymer-solvent-nonsolvent system. 
Considering the potential influences of CNTs on the physicochemical properties of dope 
solution (e.g., composition and rheological behavior) [20] and change of membrane 
formation route originated from various additives [21], it is necessary to study the effects 
of CNTs on the morphology and performance of HFM and to explore the potential 
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applications of CNTs in HFM for water treatment. 
The primary objective of this study was to evaluate the effects of oxidized CNTs on 
the physicochemical properties of PSU HFM, and hence, the membrane performance. 
The CNTs was first oxidized by concentrated acid solution (H2SO4/HNO3 = 3/1 in 
volume), and then incorporated into the PSU matrix through the phase inversion method. 
The concentration of nanotubes in the polymer matrix was controlled from 0 to 1.0 wt%. 
The physicochemical properties of nanocomposite HFM were evaluated by scanning 
electron microscopy (SEM), attenuated total reflection Fourier transform infrared (ATR 
FT-IR) spectroscopy, and contact angle measurements. The membrane performances 
were assessed by water permeability and solute rejection. The fouling resistance of the 
membrane to protein was also evaluated using bovine serum albumin (BSA) as a model 
fouling agent. 
 
4.2 Materials and methods 
4.2.1 Materials 
Polysulfone (PSU) with a molecular weight of 35,000 Da was obtained in the form 
of transparent pellets from Sigma-Aldrich and dried for 3 h at 120 °C before usage. 1-
Methyl-2-pyrrolidinone (NMP, 99.5%, Aldrich) was selected as solvent due to its low 
toxicity [22] and strong interaction with polymer and miscibility with water [23, 24]. All 
other chemicals were obtained from Sigma-Aldrich and were of ACS reagent grade. 
Multi-walled carbon nanotubes (MWNTs, diameter 10-20 nm, length 5-15 μm and purity 
of 95%) were manufactured by Shenzhen Nanotech Port Co. Ltd., China. Deionized 
water (DI) produced by Millipore DI system (Synergy 185, 18.2 MΩ·cm) was used for 
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solution preparation and filtration study. 
4.2.2 Preparation and characterization of oxidized MWNTs 
A mixed acid solution (H2SO4/HNO3 = 3/1 in volume) was first prepared, then 
MWNTs was added at a ratio of 1 g per 100 mL acid solution and refluxed at 80 °C for 3 
h. After dilution by DI water, the MWNTs were collected by membrane filtration (PSU 
membrane with MWCO around 50,000 Da, fabricated in our lab) and multiple washing 
with Milli-Q water until the pH of water reached near neutral. The final products were 
dried at 80 °C for 24 h under vacuum and were labeled as OMWNTs.  
Morphology and internal structure of nanotubes were examined by SEM (Quanta 
FEG 600, FEI Company, Hillsboro, OR) and TEM (JEOL 1400, JEOL Ltd., Peabody, 
MA). SEM specimen was prepared by dropping nanotubes-ethanol mixture solution onto 
a silicon wafer. After complete drying at room temperature, the specimen was coated with 
platinum by a sputter coater (K575x, Emitech Ltd., Kent, England) at 20 mA for 60 s. 
TEM samples were prepared by dropping nanotubes-ethanol mixture solution onto 
carbon coated copper grid and drying at the room temperature. The functional groups of 
nanotube surface were identified by Fourier transform infrared (FT-IR) spectroscopy on 
Nicolet 4700 FT-IR (Thermo Electron Corp., Waltham, MA). All spectra included the 
wave numbers from 650 to 4000 cm-1 with 128 scans at a resolution of 2.0 cm-1. For the 
Raman scattering analysis, an Invia Renishaw spectrometer (RM1000 series, 
Gloucestershire, UK) equipped with a Leica DMLB microscope (Wetzlar, Germany) and 
a 785 nm near-infrared diode laser source was used. 
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4.2.3 Spinning of hollow fiber membranes 
The OMWNTs/PSU nanocomposite HFMs were fabricated by the phase inversion 
method on a custom-designed single-head spinning machine presented in SI Fig. 4.1s. To 
make dope solution, a certain amount of OMWNTs was dispersed in NMP solvent and 
sonicated for 10 min to achieve dispersion. PSU and PVP were then added into the 
mixture and stirred for 6 h at 50 °C to form dope solution. The dope solution was kept 
overnight for degassing prior to use.  
 
Fig. 4.1 Schematic diagram of the custom-designed single-head spinning system: (1) high purity 
nitrogen, (2) dope solution, (3) bore fluid, (4) gear pump, (5) flow meter, (6) spinneret, (7) 
coagulation bath, (8) washing bath, (9) collecting drum. 
As shown in Fig. 4.1 illustrating the spinning process, the dope solution was fed into 
the annulus of the spinneret under certain pressure provided by the high purity nitrogen. 
DI water was used as bore fluid and pumped into the inner tube of the spinneret. Once the 
dope and bore fluid met at the tip of the spinneret, they entered the coagulation bath. The 
precipitated PSU fiber was prewashed in washing bath and collected by the collecting 
drum. Finally, the collected fibers were rinsed in the tap water at room temperature for at 
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least 24 h to remove the residual solvent, and then immersed in a 25 wt% glycerol 
aqueous solution for another 24 h before drying in the ambient environment. 
Experimental parameters of spinning process were listed in Table 4.1. The membranes 
containing 15, 18 or 20 wt% of PSU were labeled as HFM15-x, HFM18-x or HFM20-x, 
respectively, where x stands for the concentration of nanotubes. For example, if a 
membrane sample possessed 18 wt% PSU and the amount of filler took up 1.0 wt% of 
PSU, this membrane was named HFM18-1.0%. 
Table 4.1 Spinning conditions of PSU hollow fiber membranes 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.4 Membrane characterization and performance assessment 
Membrane surface and cross-section were characterized by SEM on Quanta FEG 
600. The sample of membrane surface was obtained by drying a piece of membrane at 
room temperature, while the cross-section was obtained by freeze-fracturing of the 
membranes in the liquid nitrogen. These specimens were coated with platinum at 20 mA 
Parameter Condition 
Spinneret OD/ID   1.0 mm/0.6 mm 
Spinneret temperature (°C) 25 
Dope solution PSU/PVP/NMP 
Concentration (wt%) 15/5/80;  18/5/77;  20/5/75 
Dope solution flow rate (mL/min) 1.2 
Bore fluid composition DI water 
Bore fluid flow rate (mL/min) 1.8 
Range of air-gap distance (cm) 0 
Coagulant Tap water 
Coagulant temperature (°C) 25 
Washing bath Tap water 
Washing bath temperature (°C) 25 
Take-up speed (cm/min) 450 
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for 60 s prior to imaging. To understand the dispersion of MWNT in the membrane, we 
collected the cross-sectional TEM images following the reported procedures in the 
literature [25, 26]. Briefly, the membranes were embedded in Epon resin and cut by 
Reichert– Jung Ultracut E ultramicrotome (Reichert, Inc. Depew, NY). The images were 
taken under 80 kV by using JEM 1400. Furthermore, Raman spectra were collected at 
four locations randomly selected on membrane sample surface to verify the dispersion of 
OMWNTs on the membrane outside surface. The spectra were collected with a 5 µm spot 
size and 4.1 mW at a 60 s exposure time. The wavelength of the laser source is 785 nm. 
The viscosities of the polymer solutions were measured using a Brookfield Digital 
Rheometer (DV-II, Brookfield Engineering Laboratories, Inc., Middleboro, MA) with a 
shear rate of 13.2 sec-1 at 25 °C. 
Hydrophilicity of membrane was determined by measuring the pure water contact 
angle based on the sessile drop method. A video contact angle system (VCA-2500 XE, 
AST products, Billerica, MA) was employed to perform the test. At least eight stabilized 
contact angles from different sites of each sample were obtained to calculate the average 
contact angle and standard deviation. Functional groups of membrane surface were 
identified by ATR FT-IR on the Nicolet 4700 equipped with multi-reflection Smart 
Performer® ATR accessory. The condition was the same as that used in the FT-IR analysis 
of nanotubes.  
A low pressure cross-flow filtration system (pressure range: 0 - 50 psi) was used to 
evaluate pure water flux, solute rejection, molecular weight cut off (MWCO), and fouling 
resistance of the membranes. The membrane module was sealed by epoxy resin, with an 
effective membrane area of around 50 cm2. A schematic diagram of the filtration system is 
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shown in Fig. 4.2.  
 
Fig. 4.2 Schematic diagram of the hollow fiber membrane filtration system 
Prior to test, each membrane was compressed by DI water at a constant trans-
membrane pressure (TMP) of 15 psi for 3 h. Pure water flux was measured by weighing 
the permeate water as a function of time at 10 psi, and recorded by a LabVIEW automated 
system (National Instruments LabVIEW 8.2 with Ohaus digital balance). After the flux test, 
feed solution containing 50 mg/L of humic acid (HA, prefiltered with a 0.45 µm filter, 
Aldrich) or Procion Red (PR, MX-5B, Aldrich) was filtrated and solute concentrations of 
feed and permeate solutions were measured using a UV-visible spectrophotometer 
(Lambda 25, PerkinElmer, Waltham, MA) at a wavelength of 254 and 538 nm, respectively. 
The measurement was conducted at 25 ± 1 °C, which was controlled by a water circulator 
(Isotemp 6200 R20F, Fisher Scientific, Inc., Pittsburgh, PA). The flux and rejection was 
calculated with Equation (1) and Equation (2), respectively:  
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where, J is the water flux (L/m2h), Vp the permeate volume (L), A the membrane area (m2) 
and t the treatment time (h). R is the rejection ratio and Cp and Cf are the concentrations of 
permeate and feed solution, respectively. 
MWCO values of membranes were evaluated by determining the rejections of 
polyethylene glycol (PEG, 3350 Da), PVP (10,000 and 40,000 Da) or BSA (67,000 Da) 
under a solution concentration of 1000 mg/L. The MWCO of a particular membrane was 
defined as the molecular weight of the solute which had a 90% rejection. The 
concentrations of PEG and PVP were measured by a TOC analyzer (TOC-5000, Shimadzu 
Corp., Japan), while the concentrations of BSA were determined on a UV-visible 
spectrophotometer at 280 nm.  
To evaluate the fouling resistance of the nanocomposite membranes, a 1000 mg/L 
BSA phosphate-buffered saline solution (pH~7.4) was forced to permeate through the 
membranes at a constant pressure of 10 psi for 5 h. Membranes were compressed by DI 
water at 15 psi for 3 h prior to the fouling tests.  
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4.3  Results and discussion 
4.3.1 Characteristics of MWNTs before and after oxidation 
As shown by the SEM images, raw MWNTs (Fig. 4.3a) contained bulk material that 
could be metal catalysts and impurities. After the acid treatment, the metal catalysts and 
impurities largely disappeared in OMWNT (Fig. 4.3b). The TEM images (Fig. 4.3c and 
4.3d) are consistent with the SEM results, showing the tubular structures of raw and 
oxidized MWNTs, and the removal of the dark spots after acid treatment. 
 
Fig. 4.3 SEM and TEM images of the carbon nanotubes: (a, c) raw MWNTs and (b, d) oxidized 
MWNTs. 
 
(c) (d) 
(b) (a) 
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FT-IR spectra of MWNTs in KBr tablet before and after oxidation are presented in 
Fig. 4.4a. Besides the peak at 1578 cm-1 which could be attributed to the vibration of 
carbon skeleton of the nanotubes [27], additional peaks appeared at around 3436, 1720 
and 1213 cm-1 after acid treatment. These can be assigned to -OH, C=O, and C-C-O 
stretching present in carboxylic groups (-COOH), respectively [28], and their presence 
suggested the successful oxidation of MWNTs. 
 
Fig. 4.4 Spectra of raw and oxidized MWNTs: (a) FT-IR; (b) Raman. 
Raman scattering is a powerful technique to probe the changes of surface and 
structure of CNTs [29]. In the Raman spectra of MWNTs (Fig. 4.4b), two graphitic peaks 
could be observed. The peak at around 1600 cm-1 (G-band) corresponded to a splitting of 
the E2g stretching mode of graphite, which has been assigned to the movement of two 
neighboring carbon atoms in opposite directions, characteristic of highly oriented 
pyrolitic graphite [30]. The peak at around 1313 cm-1 (D-band) could be assigned to the 
disordered graphite structure or sp3-hybridised carbons of the nanotubes [28, 31]. Usually 
the relative degree of functionalisation or defects in the nanotubes could be evaluated by 
 
4000 3500 3000 2500 2000 1500 1000
1213
3436
1720
1638
OMWNTs
 
 
 
Wave Number (cm
-1
)
MWNTs
1578
(a) (b) 
500 1000 1500 2000 2500 3000
G-band
  1600
D/G=2.14
 
 
 
Raman Shift (cm
-1
)
  Raw MWNTs
  OMWNTs
D/G=2.07
D-band
  1313
           Chapter Four 
131 
 
the intensity ratio of the D-band to G-band (ID/IG). It can be seen that ID/IG of the 
OMWNTs (2.14) is larger than that of the raw MWNTs (2.07), which indicated more 
defects in crystal structure of OMWNTs than in that of raw MWNTs. These defects may 
be caused by the attacking of concentrated acid to the structure of nanotubes and the 
formation of oxygen-containing functional groups as identified by FT-IR spectra. 
Same amounts (0.5 mg) of MWNTs and OMWNTs were dispersed in 10 mL of NMP 
and further sonicated for 5 min, and the dispersion status was examined afterwards in this 
study. As shown in Fig. 4.5, for the raw MWNTs, the nanotubes formed aggregations and 
settle down within several minutes; whereas, OMWNTs showed a good dispersion in the 
NMP solvent. This enhanced dispersion should facilitate the interaction between nanotubes 
and polymer chain and subsequently the dispersion inside the polymer matrix during the 
spinning process. 
 
Fig. 4.5 Dispersion test of MWNTs in NMP (0.5 mg MWNTs/10 mL NMP). 
 
 
 
MWNTs OMWNTs 
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4.3.2 Characteristics of hollow fiber membranes 
As shown by Fig. 4.6, the original PSU membrane is white (Fig. 4.6a), whereas the 
incorporation of MWNTs resulted in a uniform dark gray tint of the membranes (Fig. 
4.6b-f). With increasing filler content, the tint increased from gray to black. The 
uniformity of fiber colors indicated the existence of OMWNTs inside the membrane 
matrix and also suggested a good dispersion of these nanotubes. The significantly 
improved interfacial bonding between the nanotubes and polymer matrix upon the acid 
treatment was needed for the dispersion [1]. 
Fig. 4.6 Pictures of HFM18 with different OMWNTs content: (a) 0 wt%; (b) 0.1 wt%; (c) 0.25 
wt%; (d) 0.5 wt%; (e) 0.75 wt% and (f) 1.0 wt%. 
The ATR FT-IR spectra of membrane surfaces all showed similar profiles (figure 
was not shown). Peaks at 1585 cm-1and 1488 cm-1 could be assigned to aromatic C-C 
stretching, 1325 cm-1 and 1298 cm-1 to the doublet from the asymmetric O=S=O 
stretching of sulfone group, 1245 cm-1 to the asymmetric C-O-C stretching of aryl ether 
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group and 1150 cm-1 to the symmetric O=S=O stretching of sulfone group [32, 33], 
which is consistent with the characteristic structure of PSU. The peak at around 1660 cm-
1 corresponded to the characteristic peak of the secondary amide group of PVP [34], 
which might come from the residual PVP inside the membrane matrix. No other new 
peaks were observed after the incorporation of OMWNTs, which could be due to the 
relatively low concentration of fillers. 
The cross-sectional images of pristine hollow fiber membranes without nanotubes 
are presented in Fig. 4.7. These fibers prepared with different PSU concentrations all 
showed uniform thickness. The outside diameter of the hollow fiber is around 950 µm. 
With increasing PSU concentration from 15 to 20%, the membrane thickness slightly 
increased from 90.5 to 92.3 and then to 96.0 µm. All these fibers consisted of finger-like 
voids extended from both inner and outer fiber surfaces to the near center of the fiber. 
This dual-layer structure is formed due to the use of water as the coagulant and bore fluid 
[35].  
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Fig. 4.7 Cross-sectional SEM images of hollow fiber membranes without fillers: (a) 
HFM15-0%; (b) HFM18-0%; (c) HFM20-0%. 
Cross-sectional images at higher resolutions (Fig. 4.8) clearly showed the fingerlike 
macrovoids extending from both inner and outer surfaces, and an intermediate sponge-like 
layer. On both surfaces, a skin layer was formed on top of a porous substructure due to the 
instantaneous liquid-liquid demixing process [19]. There is no significant difference 
between these membrane samples. However, the intermediate sponge-like layer seems to 
increase with increasing PSU concentrations. The distribution of OMWNTs in the fibers 
could also be observed in the high resolution images (HFM15-1%H, HFM18-1%H and 
HFM20-1%H), as indicated by the white arrows. The diameter of nanotubes in the matrix 
 
(c) 
(a) 
 90.5 µm 
  792.9 µm 
 96.0 µm 
 753.2 µm 
(b) 
87.72 µm 
 769.9 µm 
 92.3 µm 
           Chapter Four 
135 
 
is similar to those observed in their pure form by SEM and TEM (Fig. 4.3). No obvious 
aggregates were observed in the cross-sectional image, which indicated the proper 
dispersion of OMWNTs. Similarly, the cross-sectional TEM images (Fig. 4.9a-c) also 
showed the good dispersion of OMWNTs inside the polymer matrix. No obvious 
aggregates were observed. The results as presented in Fig. 4.9(d-f) showed almost the same 
spectra (D-band and G-band) for different locations on the same membrane sample surface. 
So we would reasonably say that OMWNTs exist on membrane outside surface and there 
is no difference in the OMWNT dispersion on a scale larger than the spot size for Raman 
analysis, which is consistent with the uniformity of fiber colors. Other than the appearance 
of hydrophilic functional groups on OMWNTs, the existence of PVP inside the PSU matrix 
might have provided interfacial bonding between nanotubes and polymer matrix and 
facilitated the dispersion of OMWNTs [36]. 
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Fig. 4.8 Cross-sectional images of hollow fiber membranes 
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 Fig. 4.9 TEM images of membrane cross-sections (a-c) and Raman spectra of membrane surfaces 
(d-f) (collected at four locations randomly selected on each membrane sample). 
The outer surface morphologies of HFM18 membranes with different OMWNTs 
content are presented in Fig. 4.10. The outer surface of HFM18-0% was dense and no 
pores could be observed at a magnification of 100,000 (inset in Fig. 4.10a), so this 
membrane is considered a tight UF membrane [37]. After incorporation of nanotubes at 
an increasing concentration, the surface pore size increased firstly then decreased. Based 
on the calculation of ImageJ, the pore size is around 8.7 ± 3.2, 8.2 ± 2.8, 8.4 ± 2.5, 9.8 ± 
3.4 and 4.4 ± 1.5 nm for 0.1, 0.25, 0.50, 0.75 and 1.0 wt%, respectively. Generally, the 
addition of hydrophilic substance in the dope solution leads to accelerated solvent and 
non-solvent exchange and thus encourages formation of a porous structure [38].  
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Fig. 4.10 Outside surface morphology of HFM18 with different OMWNTs content: (a) 0 wt%; (b) 
0.1 wt%; (c) 0.25 wt%; (d) 0.5 wt%; (e) 0.75 wt% and (f) 1.0 wt% 
The rheological behavior was estimated by measuring the viscosity of dope 
solutions and presented in Table 4.2. It is clear that viscosity of dope solution is mainly 
controlled by the polymer concentration. When polymer concentration increased from 15 
to 20 wt%, the viscosity increased from 326.4 to 1401 cP. In comparison, while the 
viscosity of dope solution also increased with increasing OMWNTs concentration, but to 
a much lesser degree. For example, the viscosity of the dope solution containing 20 wt% 
PSU increased from 1401 to 1510 cP with increasing OMWNTs concentration from 0 to 
1.0%. Similarly, the viscosity of dope solution with 15% PSU increased from 326.4 to 
358.4 cP, and with 18 wt% PSU, increased from 825.6 to 896 cP. The increase in 
viscosity of the dope solution could be attributed to the large aspect ratio of nanotubes 
and the formation of a combined nanotube-polymer chain network [39, 40]. The higher 
solution viscosity indicates that kinetically, the overall diffusion between components in 
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the phase inversion system can be suppressed because of the increase in the rheological 
hindrance or a delayed exchange between solvent and non-solvent [2], which appeared to 
affect the characteristics of the resulting membranes and, hence, the membrane 
performance. 
 
Table 4.2 Viscosity of dope solution (cP) with a shear rate of 13.2 sec-1 at 25 °C 
 PSU Concentration 
(wt%) 
MWNTs Concentration (wt%) 
0 0.5 1 
15 326.4 343.5 358.4 
18 825.6 876.8 896 
20 1401 1478 1510 
 
 
As shown in Fig. 4.11, the contact angle slightly decreased from about 69° to 57° as 
the concentration of OMWNTs was increased for HFM20. The other two membrane 
types showed similar decrease in contact angle, from 66° to 60° and 64° to 56°, 
respectively. Similar phenomenon was reported by Choi et al. [20] and was attributed to 
the migration of hydrophilic MWNTs to the membrane surface during the phase 
inversion process in water. The reduced contact angle indicated that the entrapped 
OMWNTs on the membrane could enhance hydrophilicity and thus mitigate membrane 
fouling caused by protein or other organic foulants [41, 42]. 
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Fig. 4.11 Contact angles of nanocomposite membranes 
4.3.3 Membrane performance  
The membrane performances in terms of water flux and rejections of HA and PR, as 
well as relevant MWCO are presented in Fig. 4.12. The water flux first increased and 
then decreased with increasing OMWNTs concentration. To illustrate, the water flux of 
HFM15 increased from 36.1 ± 4.0 to 70.7 ± 1.8 L/m2h and then decreased to 38.6 ± 1.0 
L/m2h when OMWNTs concentration increased from 0% to 0.1% and to 1.0%. The water 
flux of HFM18 increased from 24.8 ± 0.5 to 39.8 ± 0.4 L/m2h and then decreased to 28.5 
± 1.5 L/m2h. While the water flux of HFM20 increased from 14.1 ± 1.7 to 26.4 ± 0.5 
L/m2h and then decreased to 10.1 ± 0.9 L/m2h. However, the transition thresholds are 
different. Generally, the pure water flux is related to the porosity, pore interconnection, 
surface pore size, and hydrophilic property of membrane [41]. The increase in surface 
pore size and hydrophilic property of membrane will promote the pure water flux. 
Meanwhile, the correlative MWCO (Fig. 4.11b, d, f) seems to have a good relationship 
with the pure water flux - high MWCO came with high water flux. 
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Fig. 4.12 Water fluxes, rejections and corresponding MWCO of HFM15 (a, b), HFM18 (c, d), and 
HFM20 (e, f). 
Notably, the convex shape of flux change for HFM18 matched well with the change 
of surface pore size. The surface pore size increased to 9.8 ± 3.4 nm and then decreased 
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to 4.4 ± 1.5 nm in response to an increase of OMWNTs concentration to 0.75% and then 
to 1.0%. Such convex relationships between water flux and content of materials 
possessed non-solvent property such as PVP or TiO2 have been reported in the literatures 
[43, 44]. It was proposed that thermodynamic immiscibility induced by the addition of 
PVP or TiO2 could lead to the enhanced phase separation, while the viscosity increase 
induced by the addition of PVP or TiO2 could hinder molecular diffusion. At low loading 
of PVP or TiO2, enhancement of demixing could outweigh the hindered diffusion, leading 
to a more porous and permeable membrane. With further increase in loading and 
subsequently viscosity increase, diffusion delay could overcome the acceleration of phase 
separation. Under this delayed demixing condition, the top layer will be dense and thick 
with low porosity and low degree of pore interconnectivity due to the high concentration 
of the polymer solution at the onset of demixing [45]. Meanwhile the formation of 
macrovoid in the sublayer also could be suppressed [43]. As a result, fabricated 
membranes with low porosity and permeability are expected. Considering the effect of 
OMWNTs on hydrophilicity and viscosity, it could influence PSU membrane 
performance through a similar mechanism. The initial increase and then decrease in the 
pore size could be caused by the combined effect of lowered thermodynamic stability and 
increased viscosity of the dope solutions (presented in Table 4.2) [20].  
During this process, the rejection of HA is almost constant (above 98%) and the 
rejection of PR changed a little bit. Additionally, there seems to have a trade-off 
relationship between the water flux and the rejection of PR. The average molecular 
weight of the Aldrich humic acid as used in this study is larger than 50 kDa [46], so it is 
difficult for the HA molecules to permeate through the membrane. Besides, HA is 
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strongly negatively charged at a pH greater than 4.7 [47] due to the deprotonation of 
carboxylic and phenolic functional groups [48]. At pH 5.8, negatively charged PSU 
membrane [49] would reject the HA due to the electrostatic repulsion between the 
negatively charged HA and the membrane surface. These two combined effects made it 
possible to remove HA almost completely by using our HFM no matter with CNTs or not. 
For PR with a molecular weight of 615 Dalton, the size exclusion would be less 
important. However, it has a low pKa value of 2.5 [50], which results in predominantly 
negatively charged membrane through two dissociated sulphonate groups [51] in the pH 
range studied. So the electrostatic repulsion between the negatively charged PR and the 
membrane surface could lead to the relatively high rejection of PR, which is around 65%, 
75% and 85% for HFM15, HFM18 and HFM20, respectively. 
After comparing the performances among the three types (HFM15, HFM18 and 
HFM20), it can be seen that increasing PSU concentration in the dope solution from 15 to 
20 wt% reduced the pure water flux and also the MWCO. Using pristine membranes as 
examples, the pure water flux decreased from 36.1 ± 4.0 L/m2h to 24.8 ± 0.5 L/m2h, and 
then to14.1 ± 1.7 L/m2h with PSU concentration increasing from 15 to 20 wt%. At the 
same time, the MWCO decreased from 39 kDa to 38 kDa and then to 33 kDa. In other 
words, the membrane sample becomes denser and less permeable with the increase in 
polymer concentration. This is consistent with our general understanding that the addition 
of more polymers to the dope solution increases its viscosity and lifts the precipitation 
path, thus promote more selective but less productive membranes [45, 52]. These flux 
losses are the result of thicker and denser skins and transition layers.  
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4.3.4 BSA fouling tests 
     The water flux profiles of membranes during BSA fouling tests are shown in Fig. 4.13. 
The ratios of final flux to their initial values are also presented as percentage in the same 
figure. After feeding with BSA solution, water fluxes decreased gradually with time for all 
membranes. The adsorption of BSA on the membrane surface and the formation of cake 
layer during the protein solution permeation [42] could explain the observed decrease in 
the water flux. Notably, except for HFM20-1.0%, all other membrane samples containing 
OMWNTs showed a higher initial water flux than their pristine membranes. This result is 
consistent with the previous pure water flux tests and further confirms the positive effects 
of CNTs on membrane permeability. Moreover, those CNTs-containing membranes also 
showed a higher ratio of final flux to initial flux. For example, the ratios for pristine 
membranes with different PSU contents are 61.9%, 67.1% and 57.1%, respectively, which 
are consistently lower than the ratios of membranes containing nanotubes prepared under 
respective PSU content (Fig. 4.14).  
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Fig. 4.13 Fouling behavior of HFM15 (a), HFM18 (b), and HFM20 (c) with filtration of BSA 
solution (1000 mg/L, pH~7.4, prepared with phosphate-buffered saline solution) at a TMP of 10 
psi for 5 h. 
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Fig. 4.14 Normalized fluxes of HFM15 (a), HFM18 (b), and HFM20 (c) in the fouling behavior 
test. 
The degree of flux decline is usually indicative of the membrane fouling extent [53]. 
The less flux decline for membranes containing OMWNTs indicated that the 
nanocomposite membranes had an improved antifouling property for BSA. This could be 
due to the increased hydrophilicity of the membrane surface. Similarly for flat sheet PSU 
membranes containing MWNTs, Qiu et al. [13] found that introducing MWNTs reduced 
the adsorption of BSA on the membrane surface, thus the membranes could be used when 
it is necessary to avoid membrane fouling by protein adsorption. 
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4.4 Conclusions 
This study has demonstrated that hollow fiber membranes containing CNTs can be 
fabricated following its purification and oxidation in a mixed acid. The incorporation of 
OMWNTs resulted in membranes with a uniform dark gray tint. The water contact angle 
of the nanocomposite membrane slightly decreased with increasing filler concentrations, 
which indicated the improved membrane surface hydrophilicity. The membrane surface 
showed a convex shape of pore size change with increasing OMWNTs concentration, 
which could be caused by the combined effect of lowered thermodynamic stability and 
increased viscosity of the dope solution introduced by the addition of hydrophilic 
nanotubes. Results of membrane performance tests indicated that at three different PSU 
concentrations (15, 18, 20 wt%), pure water flux of all membranes showed similar 
characteristics, with increasing filler concentrations, the flux first increased and then 
gradually decreased. This result on the water flux was consistent with the surface pore size 
measured. The optimized nanocomposite membranes showed a significant increase in pure 
water flux (60% to 100%) while maintaining the similar capability for solute rejection. In 
addition, the fouling resistance of the membrane to protein was enhanced as tested using 
BSA as the model foulant. 
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CHAPTER FIVE 
Poly(vinylene fluoride) (PVDF)/nitrogen doped TiO2 (N-TiO2) 
nanocomposite hollow fiber membranes (HFMs) with advanced 
antifouling properties under visible light irradiation 
Abstract 
Nitrogen doped TiO2 (N-TiO2), a hydrophilic, visible light active photocatalyst, was 
applied to fabricate poly(vinylene fluoride) (PVDF)/ N-TiO2 nanocomposite hollow fiber 
membranes (HFMs) through phase inversion method to improve filtration efficiency and 
antifouling property. The membranes were characterized by scanning electron 
microscopy (SEM), attenuated total reflection Fourier transform infrared (ATR FT-IR) 
spectroscopy, contact angle, UV-Vis absorbance, water uptake and molecular weight cut 
off (MWCO), and their performances were evaluated based on the water permeability, 
humic acid (HA) rejection and antifouling property. The resulting membrane showed 
brown color and an improved hydrophilicity, especially under light irradiation. Compared 
to original PVDF and PVDF/P25 membrane, nanocomposite membranes containing N-
TiO2 nanoparticles (NPs) showed clear photocatalytic activities under the visible light 
irradiation. In addition, membrane performance assessments indicated that PVDF/N-TiO2 
membranes possessed enhanced water flux, comparable HA rejection (above 96%), and 
improved fouling resistance when compared to the original PVDF membrane. These 
results have demonstrated that there is a great potential to use the methodology 
established here for developing membrane with an improved water permeability and 
superior antifouling properties, based on photodegradation process and photoinduced 
hydrophilicity enhancement driven by solar light as a renewable source of energy.  
Keywords: Nitrogen doped TiO2; PVDF; Nanocomposite membrane; Photocatalysis; 
Hydrophilicity; Antifouling 
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5.1  Introduction 
The pioneering paper of Fujishima and Honda [1] on water splitting paved the way 
to tremendous researches and studies of titanium dioxide (TiO2). Now, TiO2 has been 
widely used for water splitting, water treatment, air purification and self-cleaning of 
surfaces because of its unique photocatalytic properties, stability, commercial 
availability, and ease of preparation [2, 3]. In correlation with increasing awareness to 
environmental issues, TiO2 is considered to be an ideal choice as catalyst for water 
treatment due to the high oxidation power, photo-induced hydrophilicity, long-term 
photostability, high transparency in the visible range, good thermal and chemical 
stability, and non-toxicity [4]. However, the main technical barriers that hinder its 
commercialisation remained on the requirement of high energy input (UV light) to 
implement photodegradation and post-recovery of the catalyst particles after water 
treatment [5]. 
As a result of its relatively large band gap of 3.2 eV, TiO2 (anatase) can only be 
activated by UV light which has a wavelength shorter than 380 nm [6]. So TiO2 itself can 
only take advantage of 3-4% of the solar energy that reaches the earth [7]. Hence, many 
attempts have been devoted to prepare TiO2 photocatalyst which can be activated under 
visible light with reasonable efficiency, such as dye sensitization [8, 9], noble metal 
deposition [10, 11], metal or non-metal doping [6, 12, 13]. Since the discovery of N-
doped TiO2 with a visible light absorption by Asahi et al. [14], great attention has been 
given to modify the electronic band gap of TiO2 by doping method. Various elements (N 
[15, 16], F [17], S [18, 19], Fe [20], Co [21], Cr [22], Cu [23], Mn [24], and etc.) have 
been studied to enhance photocatalytic performance of TiO2 in the visible region. 
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Compared to the other nonmetal elemental doping, N-doped TiO2 materials exhibit a 
significant photocatalytic activity under visible light irradiation, probably because N 2p 
states mix with O 2p states, due to the fact that their energies are very close [14, 25]. 
Many researchers coupled TiO2 photocatalysis with membrane separation to solve 
the post-recovery issue. For example, Xi and Geissen [26] reported the separation of TiO2 
from water by cross-flow microfiltration (MF) within wastewater treatment by 
photocatalysis using slurry reactor systems. In their study, the separation efficiency was 
strongly affected by cross-flow velocity, transmembrane pressure (TMP), feed 
concentration, pH of suspension and ionic strength. Le-Clech et al. [27] reported that a 
hybrid photocatalysis-PVDF MF membrane process was effective as a polishing 
treatment of surface water containing low concentration of natural organic matters. 
During the process, the membrane could totally reject the TiO2 slurry particles and 
separate them from the treated water.  
Due to the hydrophilic properties of TiO2, the incorporation of this type of NPs into 
the membrane structure could enhance the composite material affinity to the water and 
hence the membrane water permeation and fouling resistance [28, 29]. So combining 
TiO2’s unique properties with membrane technology through integrating TiO2 with 
membrane seems to be a great opportunity for advanced water treatment. This integrating 
technology not only keeps the characteristics and capacity of these two technologies, but 
also produces some synergistic effects to overcome the drawbacks of the single 
technology [30]. Firstly, the pollutants could be oxidized by the photocatalysis, while the 
membranes show the capability not only to retain the photocatalyst but also to partially 
reject organic species by controlling the residence time in the reacting system. That is to 
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say the membrane also works as a selective barrier for the targeted molecules, thus this 
technology could enhance the photocatalytic efficiency and achieve excellent effluent 
quality. Secondly, the integrating technology could solve or mitigate the problem of flux 
decline associated with membrane fouling [26]. Because TiO2 particles on the membrane 
surface not only increase membrane hydrophilicity but also create photocatalytic 
property, which prevents the formation of cake layer and blocking of membrane pores. 
Thereby membrane life could be extended. 
Generally, there are two main approaches for the fabrication of TiO2 nanocomposite 
membranes: (1) depositing NPs onto membrane surface and (2) blending the NPs into the 
membrane.  
In the depositing approach, TiO2 NPs are coated or grafted on membrane surface. 
For example, Kuak et al. [31] and Kim et al. [32] prepared one kind of hybrid composite 
membrane by self-assembly of TiO2 NPs through interaction with the COOH functional 
group of an aromatic polyamide thin-film layer. The membrane possessed excellent anti-
bacterial effect on E. coli and good antifouling properties under UV light irradiation. Bae 
and Tak [33] immobilized the TiO2 NPs on membrane surface by dipping method to 
increase the surface hydrophilicity for the filtration of mixed liquor from a membrane 
bioreactor (MBR). The results showed that membrane fouling was considerably mitigated 
though the flux still declined to some extent. 
In the blending approach, TiO2 NPs are dispersed in a casting solution and then 
membranes are cast by phase inversion method which was widely used for the 
preparation of polymeric membranes. For example, Bae and Tak [34] entrapped TiO2 
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NPs into polymeric membrane to mitigate fouling of active sludge filtration. Wu et al. 
[35] prepared Polyethersulfone (PES)/TiO2 composite membranes which showed 
enhanced hydrophilicity, thermal stability, mechanical strength and antifouling ability. 
TGA and mechanical strength analyses also indicated good compatibility between 
polymers and TiO2 NPs. To avoid agglomerations and also to improve the stability of 
particles in the casting solution, Razmjou et al. [36] modified Degussa P25 TiO2 NPs by 
a combination of chemical and mechanical methods for fabricating ultrafiltration (UF) 
membranes. The incorporation of modified NPs into PES UF membranes showed a 
significant improvement in fouling resistance and the increase in hydrophilicity was the 
most likely reason for improvement in antifouling performance. Compare to depositing 
approach the blending approach is simpler since the particles are added to the casting 
solution. Furthermore, coating of membranes can lead to some significant undesirable 
changes in membrane permeability due to pore narrowing or plugging and the potential 
delamination of coating layer is also a concern [36].  
Here, we propose to synthesize nitrogen-doped TiO2 NPs and then use blending 
approach to fabricate PVDF/N-TiO2 nanocomposite HFMs which could be activated by 
visible light. Considering the existence of light irradiation and oxidation environment 
during the filtration process, PVDF was selected as membrane material due to its superior 
mechanical, chemical, and thermal stabilities, as well as outstanding antioxidation, 
corrosion resistance, and membrane-forming properties [37, 38]. By this way, 
hydrophilicity and photocatalytic function of TiO2 could be introduced into the 
membrane system. Enhanced water permeability and fouling resistance are expected. 
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5.2  Materials and methods 
5.2.1 Materials 
During the synthesis of N-TiO2 NPs, tetrabutyl titanate (Ti(OBu)4, 97%, Aldrich) 
was used as titania precursor and ammonia aqueous solution (28 - 30%, Aldrich) was 
used as nitrogen source. PVDF with an average molecular weight (Mw) of 180 kDa was 
obtained from Sigma-Aldrich and dried for 3 h at 120 °C before usage. The 1-Methyl-2-
pyrrolidinone (NMP, 99.5%, Aldrich) was selected as solvent. And polyvinylpyrrolidone 
(PVP, Aldrich) with average Mw of 10 kDa was used as porogen. All other chemicals 
were obtained from Sigma-Aldrich and were of ACS reagent grade. The reference titania 
(Degussa P25) was obtained from Degussa Corporation, Germany. Deionized water (DI) 
produced by Millipore DI system (Synergy 185, 18.2 MΩ·cm) was used for solution 
preparation and filtration study. 
5.2.2 Synthesis and characterization of N-TiO2 NPs 
A method modified from literature [39] was used here to synthesis N-TiO2 NPs. 
Briefly, a 10 ml ammonia aqueous solution was added dropwise into 20 ml Ti(OBu)4 
solution at room temperature under stirring to carry out hydrolysis. After continuously 
stirring for 10 min, the precursor was dried in an oven at 120 ºC for 2 h. Finally, the TiO2 
precursor was calcinated at 400 ºC for 1 h to obtain N-TiO2 NPs, where the color of 
sample powder changed from white to brown.  
Morphology and particle size of NPs were examined by SEM (Quanta FEG 600, FEI 
Company, Hillsboro, OR) and TEM (JEM 1400, JEOL Ltd., Peabody, MA). SEM 
specimen was prepared by dropping NPs-ethanol mixture suspension onto a silicon 
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wafer. After complete drying at room temperature, the specimen was coated with 
platinum by a sputter coater (K575x, Emitech Ltd., Kent, England) at 20 mA for 60 s. 
TEM samples were prepared by dropping the same suspension onto carbon coated copper 
grid and drying at the room temperature.  
5.2.3 Spinning of hollow fiber membranes 
The PVDF/N-TiO2 nanocomposite HFMs were fabricated by the phase inversion 
method on a custom-designed single-head spinning machine based on our previous work 
[40]. To make dope solution, a certain amount of N-TiO2 was dispersed in NMP solvent 
and sonicated for 1 h to achieve good dispersion. And then PVP was added into the 
mixture and stirred for 30 min. Finally, PVDF was added and stirred for 6 h at 50 °C to 
form dope solution. The dope solution was kept overnight for degassing prior to use.  
The collected fibers were rinsed in the DI water at room temperature for at least 24 h 
to remove the residual solvent, and then immersed in a 25 wt% glycerol aqueous solution 
for another 24 h before drying in the ambient environment. Experimental parameters of 
spinning process were listed in Table 5.1. The membranes containing various amount of 
N-TiO2 were labeled as PVDF/NT-x, where x stands for the concentration of NPs. For 
example, if a membrane sample possessed 2.5 wt% N-TiO2, this membrane was named 
PVDF/NT-2.5. 
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Table 5.1 Spinning conditions of PVDF HFMs 
 
 
 
 
 
 
 
 
 
5.2.4 Photocatalytic properties of N-TiO2 NPs and HFMs 
A 300 W xenon lamp was used as the light source with a 400 nm glass filter to 
cutoff the UV light. In each run, 50 ml Methyl Orange (MO) aqueous solution (10 mg/L) 
with 25 mg sample powders was loaded in a glass container and stirred with a magnetic 
stirrer under 100 rpm. After ultrasonication for 5 min and stirring for 10 min, the light 
was turned on to initiate the reaction. Another light source with four full spectrum 
fluorescent lights (32W, Philips F32T8) was used to simulate sunlight to evaluate the 
photocatalytic properties of N-TiO2 NPs. During the test, temperature of the solution was 
maintained at 23 ± 1ºC. For HFM, membranes with length of 300 cm was cut into small 
pieces and mixed with 50 ml MO solution (10 mg/L) in a glass container for 24 h at dark 
condition. And then the light was turned on to initiate the reaction. Temperature of the 
solution was also maintained at 23 ± 1ºC.  
The spectrum of light source was recorded by a spectrometer (PC2000, Ocean 
Optics, Dunedin, FL) with a resolution of 1.5 nm and an entrance slit of 25 µm and 
Parameter Condition 
Spinneret OD/ID   1.0 mm/0.6 mm 
Spinneret temperature (°C) 25 
Dope solution PVDF/PVP/NMP 
Concentration (wt%) 16/5/79 
Dope solution flow rate 
(mL/min) 
1.0 
Bore fluid composition DI water 
Bore fluid flow rate (mL/min) 0.8 
Range of air-gap distance (cm) 0 
Coagulant Tap water 
Coagulant temperature (°C) 25 
Washing bath Tap water 
Washing bath temperature (°C) 25 
Take-up speed (cm/min) 360 
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presented in Fig.5.1s. Furthermore, the light power was analysed by a calorimeter 
(AstralTM AC5000, Scientech, Boulder, CO) connected to a Scientech power meter 
(AstralTM AA30) under the same condition of photocatalytic reaction. 
5.2.5 Membrane characterization and performance assessment 
Membrane surface and cross-section were characterized by SEM on Quanta FEG 
600. The sample of membrane surface was obtained by drying a piece of membrane at 
room temperature, while the cross-section was obtained by freeze-fracturing of the 
membranes in the liquid nitrogen. These specimens were coated with platinum at 20 mA 
for 60 s prior to imaging. Hydrophilicity of membrane surface was determined by 
measuring the pure water contact angle based on the sessile drop method. A video contact 
angle system (VCA-2500 XE, AST products, Billerica, MA) was employed to perform 
the test. At least eight stabilized contact angles from different sites of each sample were 
obtained to calculate the average contact angle and standard deviation. The functional 
groups of membrane surface were identified by Fourier transform infrared (FT-IR) 
spectroscopy on Nicolet 4700 FT-IR (Thermo Electron Corp., Waltham, MA). All 
spectra included the wave numbers from 500 to 4000 cm-1 with 128 scans at a resolution 
of 1.0 cm-1. Membrane samples were also subjected to an UV-Vis absorbance 
characterization using a UV-Vis recording spectrophotometer (UV2401PC, Shimadzu 
Corp., Japan) from 190 to 900 nm and a clean PVDF membrane was used as the 
reference sample.  
A low pressure cross-flow filtration system modified from our previous work [40] 
was used to evaluate pure water flux, solute rejection, molecular weight cut off (MWCO), 
and fouling resistance of the membranes. The membrane module made with quartz tube 
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was sealed by epoxy resin, with an effective membrane area of around 10 cm2. A 
schematic diagram of the filtration system is shown in Fig. 5.1.  
 
Fig. 5.1 Schematic diagram of the hollow fiber membrane filtration system 
Prior to test, each membrane was compressed by DI water at a constant TMP of 6 
psi for 3 h. Pure water flux was measured by weighing the permeate water as a function 
of time, and recorded by a LabVIEW automated system (National Instruments LabVIEW 
8.2 with Ohaus digital balance). After the flux test, feed solution containing 20 mg/L of 
humic acid (HA, prefiltered with a 0.45 µm filter, Aldrich) was filtrated and solute 
concentrations of feed and permeate solutions were measured using a UV-visible 
spectrophotometer (Lambda 25, PerkinElmer, Waltham, MA) at a wavelength of 254 nm. 
Three light irradiation conditions were applied here: dark, visible light (F32T8 
fluorescent lights, 10.9 mW/cm2, Philips), UV light (602654 LPHO, 13.1 mW/cm2, 
Trojan Technologies, Canada). Light irradiation was implemented 30 min prior to the HA 
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filtration tests and maintained until the end of tests. During the tests, HA solution was 
first filtrated for 180 min (Cycle 1), then feed solution was changed to DI water and 
filtrated for 30 min (Wash). After wash, HA solution was feed again for another 180 min 
(Cycle 2) and followed by DI water wash for 30 min. The flux and rejection was 
calculated with Equation (1) and Equation (2), respectively:  
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where, J is the water flux (L/m2h), Vp the permeate volume (L), A the membrane area 
(m2) and t the treatment time (h). R is the rejection ratio and Cp and Cf are the 
concentrations of permeate and feed solution, respectively.  
MWCO values of membranes were evaluated by determining the rejections of PVP 
(10, 40 and 360 kDa), BSA (67 kDa) or Poly(ethylene oxide) (PEO, 100 kDa) under a 
solution concentration of 1000 mg/L. The MWCO of a particular membrane was defined 
as the molecular weight of the solute which had a 90% rejection. The concentrations of 
PEO and PVP were measured by a TOC analyzer (TOC-5000, Shimadzu Corp., Japan), 
while the concentrations of BSA were determined on a UV-visible spectrophotometer at 
280 nm. 
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5.3  Results and discussion 
5.3.1 Characterization and photocatalytic properties of synthesized N-TiO2 NPs 
Synthesized N-TiO2 NPs showed an average particle size of around 50 nm (Fig. 
5.2b) and a BET surface area of 197 m2/g, which are consistent with results reported by 
Wang et al. [39]. N-TiO2 NPs exhibited strong photocatalytic capability under visible 
light irradiation (436.9 mW/cm2, Fig. 5.2c). It can degrade MO (10 mg/L) over 98% 
within 3 h. When using fluorescent light as the light source, it still can degrade MO (10 
mg/L) around 85% within 6 h (18.3 mW/cm2, Fig. 5.2d).  
 
Fig. 5.2 Microscopic images and photocatalytic properties of N-TiO2: (a) SEM image, (b) 
TEM image and photocatalytic activities under visible light irradiation (c) or under 
fluorescent light irradiation (d). For photocatalytic reaction, 25 mg N-TiO2 was 
suspended in 50 mL MO solution containing MO of 10 mg/L. 
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5.3.2 Characterization of PVDF/N-TiO2 membrane 
As shown by Fig. 5.3(A1-D1), the original PVDF membrane showed white color, 
whereas the incorporation of N-TiO2 NPs resulted in a uniform brown tint of the 
membranes. The brown color increased with increasing loading concentration. The 
uniformity of membrane colors indicated the existence of N-TiO2 NPs inside the 
membrane matrix and also suggested a good dispersion of these materials. The SEM 
images (Fig. 5.3(A2-D2)) showed that all membranes had an outside diameter of around 
900 µm, and some particles could be observed on the surfaces of nanocomposite 
membranes (Fig. 5.3(A3-D3)). Higher magnification images were also inserted in the 
upper right corner of A3-D3 to reveal the surface pore size change. 
 
Fig. 5.3 Digital photos and SEM images of PVDF/N-TiO2 membranes: (A1-D1) Digital 
photos, (A2-D2) SEM images with magnification of 200×, (A3-D3) SEM images with 
magnification of 5000×. Higher magnification images were inserted in the upper right 
corner of A3-D3 to reveal the surface pore size. 
 
PVDF       PVDF/NT-2.5    PVDF/NT-5    PVDF/NT-10 
A1 B1 C1 D1 
A2 
A3 
B2 C2 D2 
B3 C3 D3 
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EDX mapping scanning spectra of PVDF/NT-5 membrane corresponding to carbon 
(C), nitrogen (N), fluorine (F), and titanium (Ti) elements, respectively, are shown in Fig. 
5.4. Except the C and F elements from PVDF, Ti and N elements were also detected and 
showed uniform distribution along the membrane cross-section, indicating the successful 
incorporation of N-TiO2 NPs inside polymer matrix. The distribution of TiO2 on 
membrane surface was also analyzed and presented in Fig. 5.2s. The result further 
demonstrated the well distribution of N-TiO2 NPs on PVDF/NT-5 membrane surface. 
The actual amount of NPs incorporated inside the polymer matrix was further evaluated 
by burning the membrane under 800 °C for 2 h inside a muffle furnace with exposure to 
atmosphere and weighing the residue. The results showed that the NPs concentration 
were 0.15 ± 0.32%, 1.67 ± 0.09%, 3.78 ± 0.16% and 6.77 ± 0.24% for PVDF, PVDF/NT-
2.5, PVDF/NT-5 and PVDF/NT-10, respectively, indicating that most of the input NPs 
remained inside the membrane matrix after the phase inversion and washing processes. 
 
Fig. 5.4 SEM image and corresponding EDX mapping scanning spectra of PVDF/NT-5 
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The ATR FT-IR spectra of PVDF and PVDF/N-TiO2 HFMs are shown in Fig. 5.5a. 
The strong absorption band at around 1180 cm-1 and 1402 cm-1 could be regarded as 
characteristic of CF2 and CH2 stretching mode, respectively in PVDF [41]. Meanwhile, 
the increased absorption band from the base line between 590 and 770 cm-1 could be 
attributed to the stretching vibration of Ti-O-Ti and Ti-O band [42], which indicated the 
existence of TiO2 inside the membrane structure. 
 
Fig. 5.5 Characterizations of PVDF/N-TiO2 membranes: (a) ATR FT-IR, (b) UV-Vis 
absorbance, (c) Contact angle, and (d) MWCO and water uptake. 
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UV-Vis absorbances of membrane samples are presented in Fig. 5.5b. Except the 
strong absorbance in the UV range, the N-TiO2 incorporated membrane also showed a 
clear absorbance in the visible range, which indicated the potential photocatalytic activity 
of the nanocomposite membrane under visible light irradiation. The absorbance also 
increased with increasing N-TiO2 concentration, indicating more NPs located on top layer 
of membrane when increase loading concentration. As a comparison, membrane 
incorporated with 5% P25 NPs showed a clear absorbance in the UV range, while no 
obvious absorbance was observed in the visible range. 
As presented in Fig. 5.5c, under dark condition, the contact angle of membranes 
decreased from 54.4 ± 2.0° to 52.0 ± 1.8°, 50.6 ± 1.4°, and then to 48.9 ± 2.1° with 
increasing NPs concentrations from 0 to 10%, which could be attributed to the 
hydrophilicity of TiO2 located on membrane surface. Similarly, Yu et al. [38] and 
Rahimpour et al. [43] also observed the decrease of contact angle after blending TiO2 
NPs inside the polymeric membrane and attributed this change to the hydrophilicity of 
incorporated NPs. When irradiate membranes with visible light or even UV light for 30 
min, the contact angle of nanocomposite membrane further decreased, although the 
change was not that significant.  
Fig. 5.5d shows the results of water uptake and MWCO. The water uptake increased 
from 86.7 ± 1.1% to 100.2 ± 0.8% with increasing NPs loading from 0 to 10%. 
Meanwhile the MWCO increased after embedding NPs, where PVDF showed higher 
rejection regarding five tested molecules with different Mw (10, 40, 67, 100 and 360 
kDa). With increasing NPs loading, solute rejections decreased, indicating membrane 
became more porous and loose. For example, the rejection for molecule (100 kDa) 
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decreased from 76.6 % for PVDF membrane to 64.5% for PVDF/NT-10. This is also 
consistent with the surface pore size presented previously in Fig. 3(A3-D3). When 
studied the effects of TiO2 NPs on the surface chemistry, structure and fouling 
performance of PES UF membranes, Razmjou et al. [36] observed that after embedding 
10-12.5% TiO2 into PES matrix, the MWCO of membranes shifted from 100 kDa to 
around 240 kDa. It is believed that thermodynamic immiscibility induced by the addition 
of hydrophilic TiO2 could lead to the enhanced phase separation, which could further lead 
to a more porous and permeable membrane. 
5.3.3 Photocatalytic properties of PVDF/N-TiO2 membrane 
Photocatalytic properties of the nanocomposite membranes under visible light 
irradiation were also evaluated here (Fig. 5.6). N-TiO2 incorporated membranes showed 
clear activities under the visible light irradiation. For PVDF/NT-10, a 79% removal rate 
of MO could be achieved within 16 h, whereas the PVDF/NT-2.5 and PVDF/NT-5 
showed a removal rate of 49% and 64%, respectively, under the same irradiation 
condition. As comparison, original PVDF membrane showed no obvious effect on MO 
concentration, while membrane incorporated with 5% P25 showed a much lower removal 
rate of around 10%. These results indicated that incorporation of N-TiO2 provided 
membranes with photocatalytic properties against organic materials under visible light 
irradiation. 
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Fig. 5.6 Photocatalytic activities of PVDF/N-TiO2 membranes under visible light 
irradiation. Membranes with length of 300 cm were cut into small pieces and suspended 
in 50 mL MO aqueous solution. 
Further cycles were carried out to evaluate the stability of photocatalytic properties. 
During the subsequent cycles, the photocatalytic activities of nanocomposite membrane 
gradually decreased. In cycle 3, PVDF/NT-2.5, PVDF/NT-5 and PVDF/NT-10 showed a 
removal rate of 39%, 52% and 66%, respectively. The decreased photocatalytic activities 
could be attributed to the loss of N-TiO2 NPs from membrane surface during the 
photodegradation process where mixing was implemented. However, the membranes still 
can maintain relatively high photocatalytic activities after three cycles of irradiation. 
5.3.4 Membrane performance 
The pure water fluxes of all membranes as a function of TMP are shown in Fig. 
5.7a. The original PVDF membrane showed a water flux at 106 ± 4 L/m2h under 6 psi. 
All other membranes showed higher pure water flux and the water flux gradually 
increased with increasing loading concentration. For example, under the same TMP of 6 
psi, water fluxes were 144 ± 4, 155 ± 5 and 163 ± 6 L/m2h for PVDF/NT-2.5, PVDF/NT-
5 and PVDF/NT-10, respectively. This is consistent with contact angle, water uptake and 
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MWCO results, which could be caused by the increased surface hydrophilicity and 
porosity of membrane after embedding N-TiO2 NPs. 
  
Fig. 5.7 Pure water flux (a) and fouling behaviors of membrane samples under various 
irradiation conditions: (b) PVDF/NT-2.5; (c) PVDF/NT-5; (d) PVDF/NT-10. Original 
PVDF membrane was used as a reference here. Fouling test conditions: concentration of 
HA feed solution was 20 mg/L; TMP was 6 psi; temperature was 23 ± 1 °C. 
Further experiments were carried out by using HA as the model foulant to evaluate 
the fouling behaviors of membrane samples under various irradiation conditions (dark, 
visible light or UV irradiation). During the test, all membrane samples with or without N-
TiO2 showed a good rejection to HA (above 96%). As presented in Fig. 5.7b, original 
PVDF membrane showed similar fouling behaviors with or without light irradiation, 
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whereas PVDF/NT-2.5 membrane showed improved fouling resistance under visible light 
irradiation, no matter in cycle one or cycle two. Once UV light was applied, the fouling 
resistance of membrane was further improved. Even under dark condition, N-TiO2 
incorporated membrane still showed higher water flux and fouling resistance than PVDF 
membrane, which could be attributed to the enhanced surface hydrophilicity provided by 
TiO2 NPs. Same trend was also observed for PVDF/NT-5. Similar phenomenon was 
observed by Zhang et al. [44], who applied TiO2 nanowire membrane for HA removal. 
They found the TMP of membrane increased slightly at the initial stage and then kept 
constant with UV irradiation, whereas, without of UV irradiation, TMP continuously 
increased and even sharply increased after 7 h of filtration. They attributed this 
phenomenon to the photocatalytic degradation of HA on membrane surface which 
activated by the UV irradiation. 
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Fig. 5.8 Normalized water fluxes of membrane samples during the fouling behavior tests.  
Interestingly, the first cycle of PVDF/NT-10 showed no obvious difference under 
different irradiation conditions. All fluxes decreased from around 150 L/m2h to around 
120 L/m2h after 3 h filtration of HA solution. This phenomenon seemed to contradict 
with the expectation that higher surface hydrophilicity and higher photocatalytic activities 
of PVDF/NT-10 could lead to a superior fouling resistance. However, it could be 
explained by two reasons. First, because of the larger porosity and MWCO, HA could 
penetrate inside the membrane sublayer and lead to an internal fouling, where surface 
hydrophilicity and photocatalytic property may not work properly to mitigate flux 
decline. Second, the relatively higher water flux of PVDF/NT-10 made the accumulation 
of HA inside membrane faster, which further lead to a more serious flux decline. Once 
Wash Wash Cycle 1 Cycle 2 Wash Wash Cycle 1 Cycle 2 
Wash Wash Cycle 1 Cycle 2 
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the accumulation of foulant inside membrane structure narrowed membrane pores and 
made filtration process become surface sieving again, the superior surface hydrophilicity 
and photocatalytic capability may work to mitigate surface fouling again. That’s why 
during the second cycle, membranes with UV and visible light irradiation began to show 
better antifouling behaviors than membrane under dark condition. 
5.3.5 Mechanisms for the enhanced antifouling properties of PVDF/N-TiO2 membranes 
A conceptual representation of the proposed mechanisms for the enhanced 
antifouling properties of nanocomposite membrane is shown in Fig. 5.9. The hollow fiber 
membrane was surrounded by feed solution containing HA (presented as brown ball) 
with an outside-in configuration. The red balls located on membrane surface presented 
the incorporated N-TiO2 NPs. The enhanced antifouling properties under light irradiation 
could be attributed to two possible reasons. One is the improved surface hydrophilicity, 
which could be provided both by the hydrophilic TiO2 NPs and photoinduced 
hydrophilicity enhancement of TiO2. In the second situation, water molecules could 
occupy photo-generated oxygen vacancies and produce adsorbed OH groups, leading to 
an enhanced surface hydrophilicity of TiO2 [45, 46]. With an enhanced surface 
hydrophilicity, the adsorption of HA on membrane surface could be reduced, and those 
already deposited HA could be removed more easily by cross flow. This is consistent 
with the general strategy to mitigate UF membrane fouling by enhancing membrane 
surface hydrophilicity [47-49]. 
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Fig. 5.9 Schematic illustration of hypothesized mechanisms of PVDF/N-TiO2 
nanocomposite HFMs with enhanced anti-fouling properties. 
The other reason is the photodegradation process, which could decompose HA 
around the membrane surface by producing strong oxidant reagents such as hydroxyl 
radicals (·OH) [6, 39, 43]. This phenomenon could mitigate the accumulation of HA on 
membrane surface, and then maintain relatively high flux compared to original PVDF 
membrane during the fouling test. 
5.4  Challenges and opportunities 
These results demonstrated that antifouling properties of PVDF/N-TiO2 
nanocomposite HFMs were clearly improved under light irradiation, especially under UV 
light.  However, the enhancement and durability of those antifouling properties was still a 
big challenge if considering the practical application as the ultimate goal. Here, the 
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improvement of antifouling properties was limited by the amount, physicochemical 
properties of embedded TiO2 and availability of suitable light. The amount of surface 
located TiO2 determined the number of activated sites; the photocatalytic activities 
determined the efficiency of single spot; the interaction between TiO2 and polymer 
matrix determined the stability of those surface located activated sites. It is conceivable 
that, with the power of chemical and material science, the antifouling properties of this 
novel membrane could be further improved. Here, several improvement strategies 
regarding above challenges are suggested as below. 
More NPs could be blended into membrane casting solution to increase the amount 
of surface located TiO2, however the percentage of TiO2 in casting solution should have 
an upper bound basing on the criterion that no dramatic change or even damage of 
membrane structure (surface pore size, porosity et al.) occurs. 
Plenty of research works about further improve photocatalytic efficiency of TiO2 
through doping, coupling, sensitization or hydrogenation are keeping coming out, such as 
N-F-codoped TiO2 [50] and black hydrogenated TiO2 [51], suggesting a good opportunity 
for the development of visible light activated nanocomposite membranes. 
The interaction between TiO2 and polymer matrix could be improved by modifying 
TiO2 surface with certain agent, such as polyacrylic acid (PAA) [42] or silane coupling 
agents [52, 53]. However such modification should be well controlled to prevent it 
seriously blocking the contacts either between light and TiO2 or between contaminates 
and generated strong oxidant reagents during the photodegradation process. At the same 
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time the modification agent should also be stable enough to tolerate the potential attack of 
oxidant reagents. 
Although the enhanced water flux of nanocomposite membrane could offset some 
part of the pack-density decrease, how to design the membrane module to make most of 
membrane exposure to light irradiation and not sacrifice too much specific membrane 
area is still a question needs to be addressed. Accordingly, novel optical materials could 
be introduced into membrane module design and fabrication to bring in outside light 
source and expend the light availability inside the module. Moreover, besides sun light, 
energy efficient light source, such as light-emitting diode (LED), which possesses low 
power consumption, quick response time, flexibility, semi-permanent lifetime, and small 
footprint [50, 54], could be used inside the module for light irradiation. 
5.5  Conclusions 
In this study, N-TiO2 NPs with visible light activity was applied to fabricate 
PVDF/N-TiO2 nanocomposite HFMs through phase inversion method with blending 
approach. The resulting membrane showed brown color and an improved hydrophilicity, 
especially under light irradiation. Compared to the original PVDF and PVDF/P25-5 
membrane, nanocomposite membranes containing N-TiO2 NPs showed clear 
photocatalytic activities under the visible light irradiation. This is consistent with the UV-
Vis absorbance results, where all N-TiO2 incorporated membranes showed improved 
absorbance in the visible range besides the characteristic absorption peak of TiO2 in the 
UV range. Membrane performance assessments indicated that PVDF/N-TiO2 membranes 
possessed enhanced water flux, comparable HA rejection (above 96%), and improved 
fouling resistance when compared to the original PVDF membrane. These results have 
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demonstrated that there is a great potential to use the methodology established here for 
developing membrane with an improved water permeability and superior antifouling 
properties, based on photodegradation process and photoinduced hydrophilicity 
enhancement driven by solar light as a renewable source of energy. Its potential 
applications are mainly related to photodegradation & separation area, especially where 
light is available or even essential. It could be algae bioreactor, surface water treatment, 
wastewater treatment effluent polishing, photodegradation of organic contaminants under 
sun light irradiation and so on. 
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Fig. 5.1s Spectra of light sources for photocatalytic reactions 
 
 
Fig. 5.2s EDX mapping scanning spectra of PVDF/NT-5 surface 
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CHAPTER SIX 
Graphene oxide (GO) enhanced polyamide (PA) thin-film 
nanocomposite (TFN) membrane for water purification 
 
 
Abstract 
A thin-film nanocomposite (TFN) membrane containing graphene oxide (GO) 
nanosheets was prepared by the in-situ interfacial polymerization (IP) process. Aqueous 
m-phenylenediamine (MPD) and organic trimesoyl chloride (TMC)-GO mixture 
solutions were used in the IP process. GO nanosheets with multiple layer structure and an 
interlayer spacing around 0.83 nm were prepared and used as the fillers to fabricate the 
TFN membrane at concentrations ranging from 0 to 0.02 wt%. The membranes were 
characterized by scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), atomic force microscopy (AFM), Raman spectroscopy and attenuated total 
reflection Fourier transform infrared (ATR FT-IR) spectroscopy, and their performances 
were evaluated based on the water permeability and salt rejection. Results indicated that 
the GO nanosheets dispersed well in polyamide (PA) thin-film layer and improved 
membrane performances under optimal concentrations. By increasing concentration of 
GO nanosheets, the permeate water flux increased from 39.0 ± 1.6 L/m2h to 59.4 ± 0.4 
L/m2h, while rejections of NaCl and Na2SO4 slightly decreased from 95.7 ± 0.6% to 93.8 
± 0.6% and 98.1 ± 0.4% to 97.3 ± 0.3%, respectively. The interlayer spacing of GO 
nanosheets may work as channels for water migration and hence contributed to the water 
permeability enhancement. 
Keywords: Graphene oxide; Polyamide; Thin-film nanocomposite; Interfacial 
polymerization; Desalination 
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6.1  Introduction 
Graphene, a single-atom-thick sheet of hexagonally arrayed sp2-bonded carbon 
atoms, is a two-dimensional (2D) macromolecule exhibiting extremely high specific 
surface area (2600 m2/g) [1, 2]. Graphene exhibits extraordinary thermal, mechanical, 
and electrical properties, which are believed to be yielded by long-range π-conjugation 
inside its structure [3]. Recently, graphene has attracted both academic and industrial 
interest and has been explored for many applications including electronic device, polymer 
composite, catalyst, sensor, and membrane separation [4, 5].  
In membrane separation area, graphene with controlled pores is believed to form the 
ultimate thin membrane for fluid or gas separation [6]. However, the scalable 
manufacturing of large monolayer graphene membranes with narrowly distributed 
subnanometer pores is still a big challenge [7]. Alternatively, strategies of preparing 
stacked graphene nanosheets or graphene-polymer nanocomposites have been explored to 
evaluate their potential applications in water purification area.   
One strategy is to transfer or coat few-layered, ultrathin graphene derivatives, such 
as GO and reduced GO (rGO) on polymeric substrates [8-11]. The resultant membranes 
all showed promising filtration performance. For instance, Han et al. [9] prepared 
ultrathin graphene NF membrane atop a microfiltration (MF) membrane through vacuum 
filtration of rGO suspension. Similarly, stacked GO-TiO2 membrane was prepared via 
vacuum filtration of GO-TiO2 composite nanosheets by Xu et al. [11]. In order to 
improve the stability of stacked graphene membrane, Hu and Mi [8] prepared a 
membrane via layer-by-layer deposition of GO nanosheets onto a polydopamine coated 
polysulfone (PSU) substrate, where TMC was used as cross-linking agent. The resultant 
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membrane showed a very high water permeability and good rejection to Rhodamine-WT 
dye. However, the relatively weak stability of GO on membrane surface under water 
stream was still a challenge need to be addressed especially under cross-flow conditions. 
The other strategy is to incorporate GO nanosheets into the polymeric matrix. 
Although pristine graphene is not compatible with organic polymers, GO sheets with 
bearing hydroxyl, epoxide, diols, ketones and carboxyls functional groups can alter the 
van der Walls interactions significantly and be more compatible with organic polymers 
[12]. In the past two years, several studies have been carried out to prepare GO-polymer 
nanocomposite membranes [13-17]. For example, Zhao et al. [15] incorporated 
isocyanate-treated GO (iGO) into PSU UF membrane and developed a nanocomposite 
membrane with enhanced hydrophilicity and fouling resistance. In the other study [13], 
nanocomposite PSU membranes containing SiO2/GO hybrid nanosheets exhibited good 
overall properties in permeability, protein rejection, and fouling resistance. The 
synergistic effect of SiO2/GO could be attributed to its high hydrophilicity as well as 
special sandwich structure which will facilitate its dispersion in the PSU matrix. 
       Additionally, during the oxidation process oxygen-containing functionalities will be 
introduced into the basal plane of GO [3, 18]. Then the increased hydrophilicity of GO 
could make the water molecules easily intercalate into the interlayer structure to generate 
an idea water channel [10]. Based on our previous study about mesoporous silica 
enhanced TFN membrane [19], those interlayer space inside GO may provide additional 
short paths for water stream through PA thin-film layer to generate a TFN membrane 
with enhanced water permeability.  
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Therefore, the primary objective of this study is to illustrate the potential application 
of GO nanosheets on TFN membrane preparation, and then develop a high performance 
TFN membrane. GO nanosheets will be prepared through modified Hummers’ method, 
and then those nanosheet will be embedded into PA thin-film layer by in-situ IP process. 
The physicochemical properties of the GO nanosheets and TFN membranes will be 
evaluated by SEM, TEM, AFM, Raman Spectroscopy, ATR FT-IR spectroscopy, and 
contact angle. The membrane performances will be examined by water permeability and 
solute rejection based on different loadings of nanosheets. 
6.2  Materials and methods 
6.2.1 Materials 
PSU (Mw = 35,000, Aldrich) pellets dissolved in N, N-dimethylformamide (DMF, 
99.8%, Aldrich) were used as the casting solution to make the support layer. MPD 
(>99%, Aldrich) and TMC (>98.5%, Aldrich) were monomers used in the IP process. All 
chemicals were ACS reagents grade. Deionized (DI) water produced by Millipore DI 
system (Synergy 185, 18.2 MΩ·cm) was used for solution preparation and filtration 
study. 
6.2.2 Preparation and characterization of GO 
Graphene oxide (GO) was synthesized using modified Hummers’ method [18] by 
reacting commercially graphite flake (Aldrich) with a mixture of H2SO4, NaNO3, and 
KMnO4. Briefly, H2SO4 solution was maintained under ice bath condition in order to make 
it reach a temperature lower than 4 °C. NaNO3 and graphite flakes were added into above 
H2SO4 solution with a continuous stirring for 2 h, then KMnO4 was dosed slowly. The color 
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of the mixture solution gradually became dark green. Subsequently, ice bath was removed 
and pre-determined DI water was slowly added while keeping solution temperature at 35 
± 2 °C. At this stage, the color of the reaction solution was changed to brown from dark 
green. After 1 h, the temperature of the reaction solution without stirring was raised and 
controlled at 95 ± 2 °C for 30 min. Finally, a certain amount of H2O2 was introduced into 
the mixture solution, a bright yellow GO solution was produced. The GO was centrifuged 
and washed with 5% HCl and DI water twice. A brown gel GO attained after acid washing 
and centrifugation was rinsed using ethanol (≥ 99.5%). GO sheet obtained by drying under 
40 °C for 24 h in an oven was ground into a brown GO powder for later use.  
The crystalline structures of synthesized GO nanosheets were analyzed by an X-ray 
powder diffractometer (XRD, Ultima IV, Rigaku Americas Corp., The Woodlands, TX). 
The samples were scanned from 5° to 40° (2θ) with a step size of 0.05° and a count time 
of 1 s at each point. Morphology of nanosheets was examined by SEM (Quanta FEG 600, 
FEI Company, Hillsboro, OR) and TEM (JEM 1400, JEOL Ltd., Peabody, MA). SEM 
specimen was prepared by dropping GO-ethanol mixture solution onto a silicon wafer. 
After complete drying at room temperature, the specimen was coated with platinum by a 
sputter coater (K575x, Emitech Ltd., Kent, England) at 20 mA for 1 min to increase 
conductivity. TEM samples of NPs were prepared by dropping GO-ethanol mixture 
solution onto carbon coated copper grid and drying at the room temperature. 
6.2.3 Preparation of PSU support layer and TFN membrane 
The PSU support layer with a surface pore size of 23.2 ± 8.4 nm was fabricated by 
the phase inversion method follow our previous study [19]. Briefly, a 15 wt% PSU-DMF 
casting solution was stirred at 50 °C for 6 h, and kept overnight for degassing. The clear 
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solution was spread on a glass plate and casted by casting knife (EQ-Se-KTQ-150, MTI 
Corp., Richmond, CA) to approximately 100 µm of film thickness. Then, glass plate was 
immediately immersed into a DI water bath (25 °C). The precipitated PSU support 
membrane was washed and stored in DI water at least 24 h until use. 
For TFN membrane fabrication, the prepared PSU support layer was immersed in a 
2.0 wt% MPD-water solution for 3 min. Excess solution on the surface was removed by a 
rubber roller. Next, the MPD saturated PSU support layer was soaked in a 0.15 wt% of 
TMC-hexane solution for 1 min, resulting in the formation of a PA thin-film layer. A 
series of GO-ethanol stock suspensions with different GO concentration were prepared 
by ultrasonication. And then, TMC-hexane solutions with GO concentrations varied from 
0 to 0.02 wt% were prepared by spiking with GO-ethanol stock suspensions. Here, 
ethanol stock suspension was used to facilitate the dispersion of GO in hexane solution, 
and the final concentration of ethanol in hexane solution was around 0.5% (v/v). A 
complete mixing of GO in the hexane solution was achieved by ultrasonication for 30 
min prior to the IP process. The TFN membranes were rinsed with pure hexane and cured 
at 80°C in an oven for 5 min, and then stored in DI water at 5°C. The final products were 
named as GO-x, where x denoted the concentration of filler in TMC solution during the 
IP process. For example, TFN membrane prepared by 0.02 wt% GO TMC solution was 
named as GO-0.02. 
6.2.4 TFN membrane characterization and performance assessment 
SEM analysis of membrane surface was conducted using a piece of membrane dried 
at room temperature. The operational condition was identical with GO analysis described 
in the section of 6.2.2. To obtain the TEM cross-section, the membranes were embedded 
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in Epon resin (Eponate 12, Ted Pella, Inc., Redding, CA) and cut by Reichert-Jung 
Ultracut E ultramicrotome (Reichert, Inc. Depew, NY). The images were taken under 80 
kV by using JEM 1400. Hydrophilicity of membrane was assessed based on the 
measurement of pure water contact angles. The video contact angle system (VCA-2500 
XE, AST products, Billerica, MA) was employed to perform the sessile drop method. At 
least six stabilized contact angles from different sites of each sample were obtained to 
calculate average contact angle and standard deviation. The functional groups of 
membrane surface were identified by ATR FT-IR spectroscopy. Nicolet 4700 FT-IR 
(Thermo Electron Corporation, Waltham, MA) equipped with multi-reflection Smart 
Performer® ATR accessory was used for this analysis. All spectra included the wave 
numbers from 500 to 4000 cm-1 with 128 scans at a resolution of 2.0 cm-1. Quantitative 
surface roughness of the membrane was analyzed by atomic force microscopy 
(AFM5500, Agilent Technologies, Inc. Santa Clara, CA) with tapping mode in air. A 9 × 
9 μm of surface area was tested and the root mean square (RMS) roughness was 
recorded.  
Membrane performance test was conducted following our previous study [19]. 
Briefly, a high pressure cross-flow filtration system (pressure range: 50-500 psi) with an 
effective membrane area of 9.6 cm2 was used to evaluate water flux and solute rejection. 
Prior to test, each membrane was compressed by DI water at 300 psi for 3 h. Water flux 
was measured by the weight of the permeate water at a constant transmembrane pressure 
(TMP). The weight of the permeate water was recorded by a LabVIEW automated 
system (National Instruments LabVIEW 8.2 with Ohaus digital balance). After pure 
water flux test, salt solution (final concentration of 2,000 ppm of NaCl or Na2SO4) was 
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added and the conductivity of feed and permeate solutions was measured by a 
conductivity/TDS meter (HACH Company, Loveland, CO). The measurement was 
conducted at 25 ± 1 °C, which was controlled by a water circulator (Isotemp 6200 R20F, 
Fisher Scientific, Inc., Pittsburgh, PA). The flux and rejection was calculated with 
equation (1) and equation (2), respectively. 
pV
J
A t

                                                            
(1) 
1 100
p
f
C
R
C
 
    
                                                    
(2) 
where J is the water flux (L/m2h), Vp is the permeate volume (L), A is the membrane area 
(m2) and t is the treatment time (h). R is the rejection ratio and Cp and Cf are the 
conductivities of permeate and feed solution, respectively. 
6.3  Results and discussion 
6.3.1 Characterization of GO 
SEM and TEM images of prepared GO are presented in Fig. 6.1, where sheet 
structure are clearly observed. Typical wrinkle structures are also observed on GO 
nanosheets both from SEM and TEM images, which could be attributed to both intrinsic 
(thermal fluctuation) and extrinsic (i.e. defects, functionalization, and applied stresses) 
factors [20]. Based on these images, the size of nanosheets could be from 500 nm to 
several micrometers.  
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Fig. 6.1 SEM images (a, b) and TEM images (c-e) of prepared GO nanosheets. 
Fig. 6.2 shows the XRD pattern of GO sample. A clear peak at around 11.66º was 
observed, which was corresponded to a 0.83 nm d-space [21]. Accordingly, the 
characteristic (002) peak of graphite usually located at 2θ = 26.5º, which implying an 
interlayer spacing of 0.34 nm [21-23]. The increased interlayer spacing after oxidation 
could be attributed to the hydrophilic property of oxygen functionalized GO, which made 
the water molecules easily intercalate into the interlayer structure [22].  
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Fig. 6.2 X-ray diffraction pattern of GO sample 
6.3.2 Characterization of GO-TFN membranes 
The SEM images of membrane surfaces and TEM images of cross-sections are 
presented in Fig. 6.3. These membrane surfaces showed a typical leaf-like morphology 
due to the formation of PA thin-film layer. As presented in cross-sectional TEM images, 
all membranes had a PA thin-film layer with a thickness between 200 and 300 nm. The 
impregnation of GO nanosheets did not show significant effects on the overall 
morphology of PA layer in the tested concentration range. However, there shows some 
clusters on PA layer surface when the concentration of nanofiller goes high, especially 
under 0.02%. This could be caused by the aggregation of GO. As compared with our 
previous work [19], where silica NPs with a diameter of 100 nm were clearly observed 
inside the PA thin-film layer, the existence of GO nanosheets was not clearly presented in 
these TEM images probably due to their sheet structure with thickness of several 
nanometers. Accordingly, Raman spectroscopy was further used to verify the existence of 
GO inside thin-film layer. 
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Fig. 6.3 SEM images of membrane surfaces (A1-E1) and TEM images of cross-sections 
(A2-E2 low magnification; A3-E3 high magnification). A (0%); B (0.005%); C (0.01%); 
D (0.015%); E (0.02%). 
 
A1 A2 A3 
B1 B2 B3 
C1 C2 C3 
D1 D2 D3 
E1 E2 E3 
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In the Raman spectra of GO (Fig. 6.4), two graphitic peaks could be observed. The 
peak at around 1590 cm-1 (G-band) corresponded to a splitting of the E2g stretching mode 
of graphite, which has been assigned to the movement of two neighboring carbon atoms 
in opposite directions, characteristic of highly oriented pyrolitic graphite [30]. The peak 
at around 1350cm-1 (D-band) could be attributed to the disordered graphite structure or 
sp3-hybridized carbons [24, 25], which reflecting the extent of defect. 
 
Fig. 6.4 Raman spectra of prepared GO and GO-TFN membranes. Enlarged spectra of 
TFN membranes were inserted in the upper right corner of this figure. 
In addition, the 2D band around 2710 cm-1 as the second order of zone-boundary 
phonons was observed [26]. Furthermore, a S3 peak near 2930 cm-1 showed up which 
could be attributed to the lattice disorders and its number of Raman shift was roughly the 
combination of the G and D peaks. 
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In this case, the 2D band shifted to higher frequencies (2710 cm-1) from the typical 
peak (2679 cm-1) of single layer structure, indicating the possible multilayer structure of 
GO samples prepared here. This is consistent with the TEM images in Fig. 6.1. Similarly, 
Ferrari and et al. [25] found the 2D band could shift to higher frequencies and become 
broader with increasing layer number, especially with a layer number less than five. Graf 
and et al. [27] examined spatially resolved Raman spectra for single- and few-layer 
graphene, and also found the same phenomenon. In their case, the 2D band shifted 19.0 ± 
1.5 cm-1 and 28 ± 2 cm-1 for 2-layer and 6-layer structure, respectively. 
The Raman spectra of membrane surfaces were also collected and presented in Fig. 
6.5. Original TFC membrane doesn’t show any peak between 1000 and 2000 cm-1. After 
incorporating GO, TFN membranes all show two peaks corresponding to the D-band and 
G-band of GO filler, which indicating the existence of GO in the top layer of membrane 
samples. 
Surface functional groups of TFN membranes were identified by FT-IR 
spectroscopy and the results are presented in Fig. 6.5. Peaks at 1660 cm-1 (amide I, C=O 
stretching vibrations of amide), 1547 cm-1 (amide II, in-plane N–H bending and C–N 
stretching vibrations), 1610 cm-1 (N–H stretching of amide) and 1450 cm-1 (C=O 
stretching and O–H bending of carboxylic acid) were originated from the PA 
polymerization and consisted with amide functionalities [15, 24, 25]. The broad peak 
appearing at a wavenumber of 3300 cm-1 could be assigned as originating from stretching 
vibrations of O-H groups attached to the basal plane of graphite in graphene oxide. With 
increasing GO concentration, the intensity of this peak gradually increased possibly due 
to the increased amount of GO inside the membrane top layer.  
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Fig. 6.5 ATR FT-IR spectra of TFN membranes 
As presented in Fig. 6.6, the contact angle of TFN membranes slightly decreased 
from 60.4 ± 2.5° to 55.4 ± 1.7° with increasing GO concentration. This could be caused 
by some surface located GO material as well as the influenced IP reaction between MPD 
and TMC due to the existence of hydrophilic filler material. Meanwhile, the surface 
roughness were evaluated, where corresponding AFM images are illustrated in Fig. 6.7. 
The RMS value first increased and then decreased with change of GO loading. The 
surface morphology indicated in AFM images are consistent with the SEM images 
presented in Fig. 6.3. The initial decrease of roughness could be attributed to the 
interruption of GO nanosheets on the growth of leaf-like structure during the IP process. 
While the observed roughness increase in GO-0.02 could be caused by the surface-
located clusters formed by aggregation of GO. 
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Fig. 6.6 Contact angle and surface roughness of membrane surface 
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Fig. 6.7 AFM analysis of membrane surfaces 
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6.3.3 Performance of TFN membranes 
Permeate flux and salt rejections are presented in Fig. 6.8. By increasing 
concentration of nanosheets, the permeate water flux increased from 39.0 ± 1.6 L/m2h to 
59.4 ± 0.4 L/m2h, while rejections of NaCl and Na2SO4 slightly decreased from 95.7 ± 
0.6% to 93.8 ± 0.6% and 98.1 ± 0.4% to 97.3 ± 0.3%, respectively. 
 
Fig. 6.8 Permeate flux and salt rejection of GO TFN membranes 
During the filtration process, the slightly increased surface hydrophilicity will 
facilitate the solubilization of water molecules on membrane surface, thus improve water 
permeability [28]. Furthermore, similarly to our previous study about mesoporous silica 
enhanced TFN membrane [19], those interlayer space inside GO nanosheets may provide 
additional short paths for water stream through PA thin-film layer (Fig. 6.9). This is 
consistent with other researchers’ strategy to prepare water channel membranes by using 
stacked GO layers, where the interlayer space of GO layers could be further adjusted to 
fit proposed applications. With increasing filler concentration, more water channels were 
  Chapter Six 
201 
 
introduced into the dense barrier layer, resulting in an increased water flux. The level off 
or even decrease of permeability enhancement was observed when GO concentration was 
higher than 0.015%. It could be attributed to the aggregation of nanofillers at high 
concentrationF, which can influence the absolute number and distribution of resulting 
water channels. This phenomenon was also observed in other studies of TFN membranes 
including our own works [19, 29]. However, the critical concentrations on these studies 
were diverse, which could be caused by the different properties and morphologies of 
corresponding nanofillers.  
 
Fig. 6.9 Schematic illustration of hypothesized mechanism of GO TFN membrane 
As a typical RO membrane, a higher rejection of Na2SO4 than that of NaCl was 
observed, which could be caused by the higher negative charge and larger size of 
hydrated SO4
2- ions. Compared to TFN membrane containing MCM-41 NPs which can 
maintain essentially the same salt rejection as pristine TFC membrane, GO-TFN 
membrane showed a slightly decreased salt rejection after incorporating GO nanosheets. 
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This phenomenon could be attributed to the different particle size and structure of 
nanofillers used in these two studies. MCM-41 NPs has a particle size around 100 nm 
which can well fit the thickness of PA thin-film layer and may not ruin the integrity of 
this layer. As a two-dimensional material, GO nanosheets has a thickness around several 
nanometers determined by layer numbers and relatively large sheet size (500 nm to 2 
μm). During the IP process, some nanosheets may have affected the integrity of PA thin-
film layer and generate some defects. 
 
6.4  Conclusions 
A novel TFN membrane containing GO nanosheets was prepared by the in-situ IP 
process. GO nanosheets with multiple-layer structure and an interlayer spacing around 
0.83 nm were prepared and used as the fillers to fabricate the TFN membrane at 
concentrations ranging from 0 to 0.02 wt%. Results indicated that the GO nanosheets 
dispersed well in PA thin-film layer and improved membrane performances under 
optimal concentrations. By increasing concentration of GO nanosheets, membrane 
hydrophilicity increased. At the same time, the permeate water flux increased from 39.0 ± 
1.6 L/m2h to 59.4 ± 0.4 L/m2h, while rejections of NaCl and Na2SO4 slightly decreased 
from 95.7 ± 0.6% to 93.8 ± 0.6% and 98.1 ± 0.4% to 97.3 ± 0.3%, respectively. The 
interlayer spacing of GO nanosheets may work as channels for water migration and hence 
contributed to the water permeability enhancement. Optimizing incorporation conditions 
further for the membrane preparation could result in membranes with even higher water 
permeability and high salt rejection. 
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Conclusions and Future Work 
 
7.1 Conclusions 
 
In this project, novel nanocomposite membranes with enhanced separation 
performance were developed for water and wastewater treatment. First, both flat-sheet 
and hollow fiber membrane fabrication systems were set up for the nanocomposite 
membrane preparation. Then, to improve membrane performance, nanomaterials with 
different components (inorganic or organic), structures (porous or nonporous), 
functionalities (inert, antimicrobial activity, or photocatalytic activity) were incorporated 
into polymeric membranes based on proposed applications. Several nanomaterials, 
including mesoporous silica, carbon nanotubes or graphene oxide, were applied to study 
their effects on membrane structure and physicochemical properties. Biocidal 
nanomaterial, AgNPs, was used to improve membrane’s anti-biofouling capability. While 
photocatalytic nanomaterial, nitrogen doped TiO2 with visible light activity, was applied 
to improve membrane’s antifouling properties. In the following, the significant results of 
this work are summarized. 
A novel mesoporous silica NPs (MCM-41) enhanced TFN membrane was first 
prepared by an in situ IP process using aqueous MPD and organic TMC-NPs mixture 
solutions. A good dispersion of MCM-41 NPs occurred in the PA thin-film layer. With an 
increasing concentration of MCM-41 NPs, the membrane hydrophilicity, roughness and 
zeta potential all increased. The resulting increase in the permeate water flux was 63.5% 
while the salt rejections were maintained essentially the same. Compared with S-TFN 
membranes, the M-TFN membranes showed enhanced permeability, suggesting that a 
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short flow path through the hydrophilic porous structure of MCM-41 NPs had played an 
important role in water permeation. This fundamental understanding will help screen and 
develop new advanced TFN membranes in general.  
With the vision of the importance of porous structure inside nanofiller, GO 
nanosheets which have a multiple layer structure and an interlayer spacing around 0.83 
nm were prepared and their potential application on TFN membrane preparation was 
evaluated. By increasing concentration of the GO nanosheets, hydrophilicity of the TFN 
membrane increased. At the same time, the permeate water flux increased by 52.3%, 
while rejections of NaCl and Na2SO4 slightly decreased. The interlayer spacing of GO 
nanosheets may work as channels for water migration and hence contributed to the water 
permeability enhancement. 
A covalent bonding method was developed to attach AgNPs onto the surface of PA 
TFC membrane with cysteamine as a bridging agent. The modified membranes showed 
good stability for the immobilized AgNPs and excellent antibacterial properties, while 
maintained a good water flux and salt rejection. The results demonstrated that chemically 
immobilizing AgNPs onto membrane surface could be an effective approach to reduce 
membrane biofouling.  
After incorporating OMWNTs into PSU HFMs, the surface hydrophilicity of the 
resulting nanocomposite membrane increased. Meanwhile, the membrane surface showed 
a convex shape of pore size change with increasing filler concentration, which could be 
caused by the combined effect of lowered thermodynamic stability and increased 
viscosity of the dope solution introduced by the addition of the hydrophilic carbon 
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nanotubes. The optimized nanocomposite membranes showed a significant increase in 
pure water flux (60% to 100%) while maintaining the similar capability for solute 
rejection. In addition, the fouling resistance of the membrane to protein was enhanced as 
tested using BSA as the model foulant. 
Following the similar blending approach used in PSU/OMWNTs membrane 
preparation, N-TiO2 NPs with visible light activity was applied to fabricate PVDF/N-
TiO2 nanocomposite HFMs. The resulting membranes showed an improved 
hydrophilicity and clear photocatalytic activities under the visible light irradiation. They 
also possessed enhanced water flux, comparable HA rejection (above 96%), and 
improved fouling resistance when compared to the original PVDF membrane. These 
results have demonstrated that there is a great potential to use the established 
methodology for developing membranes with an improved water permeability and 
superior antifouling properties, based on photodegradation process and photoinduced 
hydrophilicity enhancement driven by solar light as a renewable source of energy.  
In conclusion, nanocomposite membranes were promising to mitigate or even 
overcome the intrinsic challenges of current polymeric membranes on the market. The 
incorporation of nanomaterials with conventional membrane polymers could not only 
tune structure and physicochemical properties (e.g. hydrophilicity, porosity, charge 
density, thermal, and mechanical stability) of membranes, but also introduce unique 
functionalities (e.g. antibacterial property and photocatalytic capability) into the 
membranes. Overall, nanocomposite provides polymeric membrane design a new 
dimension, which could lead to the next generation of high performance membranes. 
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7.2 Future work 
This work stimulated us to make the following suggestions for future research. 
7.2.1 Investigating the effects of physicochemical properties and structures of nanofiller 
on membrane performance 
Although hydrophilic and porous nanofillers have been demonstrated to be good 
candidates for high performance membrane preparation, no fundamental understandings 
were developed to systematically reflect the effects of nanomaterials on membrane 
structures and correlate them to the membrane performance changes. The specific 
contributions of surface hydrophilicity, pore size, charge density and membrane porosity 
to membrane performance are still unclear.  
More quantitative and qualitative studies are needed in this area. In our lab, we are 
continuously exploring these relationships by controlling the surface hydrophilicity as 
well as pore size of nanofiller which are important to the membrane performance. 
7.2.2 Improving the dispersion of nanomaterials inside polymeric membranes 
Aggregation is a common problem for nanomaterials. Considering the importance of 
making nanofillers homogeneously dispersed inside the polymer matrix to the final 
enhancement of membrane properties, research is needed to further improve the 
dispersion of nanofillers by modifying nanofiller surface or optimizing embedding 
process. In addition, there is no comprehensive model to describe the dispersion of 
nanofillers inside membranes. Information of concentration, diffusivity in aqueous or 
organic solution, hydrodynamics, and surface reaction kinetics all need to be examined to 
perform this complex simulation. 
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7.2.3 Investigating the interaction between nanofillers and polymeric materials and 
further studying the stability of nanofillers inside membrane structure 
The compatibility of nanofillers with polymer will determine both the optimal 
performance enhancement and the stability of nanofillers within the host polymer. These 
two factors are critical to optimize the loading concentration and durability of 
nanocomposite membranes. Further research is needed to develop desirable nanofillers 
with good polymer compatibility either by designing novel fillers based on material 
science or introducing polymer compatible functional groups to the surface of common 
fillers. In addition, considering the potentially harmful effects of leached nanomaterials to 
the environment, nanomaterial leakage and its environmental toxicity need to be 
systematically evaluated. 
7.2.4 Exploring the commercial values of nanocomposite membranes 
It is expected that using the advanced high performance nanocomposite membranes 
will result in lower energy consumption in the membrane filtration systems. However, the 
practical applications of nanocomposite membranes are still at their initial stages. It is 
very important to develop a cost-effective method for scale up in terms of nanomaterial 
preparation and membrane fabrication, and monitor membranes’ long-term stability 
under practical application conditions. Those studies should be implemented on a case by 
case basis fully considering the environment and the attributes of the system. Using 
antimicrobial membrane as an example, while it has demonstrated resistance to 
membrane biofouling, for long-term application, the loss of antimicrobial activity due to 
the depletion of biocidal agents or insufficient contact between bacteria and biocide 
caused by other foulants need to be evaluated. How to effectively attach biocidal agents 
  Conclusions and Future Work 
211 
 
onto membrane and control their release should be a future research direction. For 
commercial applications, there is a need to consider cost-effectiveness of attaching 
biocidal agents onto a membrane and recharging them as needed. 
212 
 
 
 
 
 
 
 
 
VITA 
 
 
 
On December 26th, 1983, Jun Yin was born in a small town located in Kunshan, 
China. He received his Bachelor’s and Master’s degrees from Nanjing University with a 
major in Environmental Engineering on June 2006 and March 2009, respectively.  
He has over 9 years research experience related to environmental engineering 
including nanomaterial synthesis and modification, membrane separation, membrane 
fabrication and modification, photocatalysis, heavy metal removal, and oil spill treatment. 
His PhD research topic is “Fabrication and modification of nanocomposite 
membranes for enhanced water purification”, which focuses on applying nanotechnology 
into polymeric membrane design to improve membrane performance in terms of water 
permeability, solute rejection, and fouling resistance to further improve energy efficiency 
and cost effectiveness of membrane separation process. 
 
